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ABSTRACT 

Mechanical properties and air-oxidation behavior of some 400 
chromium-base compositions were determined at temperatures up to 2400OF. 
W is superior to Mo and Re as a strengthening element, but it has an 
adverse effect on workability and low-temperature ductility. Carbides 
and borides strengthen without adversely affecting ductility. The air- 
oxidation resistance of Cr-Y alloys containing dispersions based on Cb, Ta, 
or Ti is markedly inferior to those with Hf-rich or Zr-rich secondary 
phases. Additions of La or of La plus Y were shown to be more effective 
than Y alone. 
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1. s RY 

Mechanical properties and air oxidation behavior of over 200 
chromium-base alloys have been determined at test temperatures through 
2400OF. Some 60 alloys were induction melted in Zr@ crucibles in an 
inert atmosphere, cast as ingots of about four pounds each, and processed 
by extrusion and swaging to small-diameter bar stock. Using hydrogen- 
reduced electrolytic chromium flake, oxygen, and ,nitrogen, levels were 
maintained below a total of 200 ppm. 
were arc melted as 50- to 100-gram buttons or drop castings, and critical 
properties were evaluated. 

In addition, over 150 compositions 

Precipitation of metalloid phases based on Group IY-A and Y-A metals 
was emphasized in this program. Several dilute alloys, dispersion strengthened 
by carbides or borides exhibited tensile ductility at sub-zero temperatures, 
combined with tensile strengths as high as 35,000 psi at 1900'F in the wrought 
condition and 6,000 to 10,000 psi at 2400'F. Addition of 4 atomic percent Mo 
(or Mo plus W) raises the tensile strength of the carbide-containing alloys 
to the range of 60,000 to 70,000 psi at 1900'F and about 20,000 psi at 2400°F, 
but the ductile-brittle transition temperature (DBTT) in tension increases to 
at least 350'F. Creep-rupture behavior is rather attractive through 2100'F 
(Cr-4Mo-Y alloys with CbC and TaC dispersions having 100-hour rupture strengths 
of 15,000 to 17,000 psi at this temperature). 

Tungsten is a more effective solution strengthener than Mo, particularly 
at 2400'F, but concentrations of 4 atomic percent W raise the DBTT to at 
least 600OF. Rheniumwas shown to be relatively ineffective in elevated- 
temperature strengthening, but room-temperature ductility was observed in a 
Cr-4Re-(TaJBf)C alloy and low Re levels were shown to have a beneficial effect 
on oxidation-nitridation behavior. 

The air-oxidation resistance of Cr-Y alloys containing dispersions based 
on Cb, Ta, or Ti is markedly inferior to those with Hf-rich or Zr-rich 
secondary phases, which show no nitridation or drastic internal hardening 
after air exposure at temperatures through 2400°F. Additions of La or of 
La plus Y were shown to be more effective than I! alone in retarding nitri- 
dation of alloys with dispersions such as CbC, TaC, or Tic, at least through 
100 hours at 2100'F. 
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2.  INTRODTJX"?.'OEJ 

The sustained interest in chromium as a base for high-temperature 
structural components is founded on a number of factors. Chromium has a 
melting point advantage of 500' to 700'F over such more commonly used 
metals as iron, cobalt, and nickel, and its density is significantly lower 
than that of the latter two. The oxidation resistance of chromium is 
vastly superior to that of the heavier, more refractory metals such as 
columbium, tantalum, molybdenum, and tungsten. Hot corrosion by environ- 
ments which contain sulfur or marine salts appears to be retarded in 
superalloys with only moderate additions of chromium, and chromium-base 
alloys have shown attractive behavior in limited hot-corrosion testing. 
The elastic modulus of chromium is higher by about 30% than that of most 
superalloys; the coefficient of thermal expansion is considerably lower, 
and the thermal conductivity higher by factors of two to five. These 
properties combine to offer the potential for much greater resistance to 
thermal shock or thermal fatigue than that exhibited by superalloys. In 
addition to the physical properties mentioned above, considerations of 
availability lend support to research on chromium alloys. The world reserves 
of chromium are estimated at-about one billion tons. Chromium is thus 
more abundant than nickel, for example, by two orders of magnitude. 

The use of chromium alloys as structural components in such applica- 
tions as advanced air-breathing propulsion systems has been deterred by 
the lack of ductility at low temperatures, except in the purest forms of 
the unalloyed metal, in the optimum microstructural condition, and by the 
further embrittlement due primarily to reaction with nitrogen during 
extended exposure to air at elevated temperatures. There were also some 
early indications (1 9 ) that the potential strength advantage over superalloys, 
suggested by the increased melting point, could not be realized by "con- 
ventional" alloying approaches. 

Several studies of chromium alloys over the past several years have 
identified alloy systems which not only have in fact achieved significant 
strength increases over the best currently available superalloys at temper- 
atures above about 1800°F, but which also have given indications that the 
severity of the ductility and nitrogen-embrittlement problems could be greatly 
reduced. 
and which has been emphasized in General Electric work and by the 
Australian groups associated with the Department of Supplyb-'), is based on 
dispersion of carbides formed by the reactive metals of Group HV-A and V-A. 
Properties of one such alloy of this type, a rather complex carbide-strengthened 
Cr-W-Y alloy developed in this laboratory and designated C-207@ ,I0), have 
been investigated in some detail; and, the alloy has been developed to the 
point that turbine blading has been produced from 100-pound heats by forging. 
Based on creep-rupture characteristics, this alloy in the coated condition 
offers a temperature advantage of at least 100" to 150°F over the strongest 

The alloying approach that has shown the most promise to date, 
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superalloys, with a 100-hour rupture strength of 16,000 psi at 200O0F. 
Other carbide-strengthened alloys (that contain no major substitutional 
solutes for solution strengthening) have shown considerable tensile ductility 
at sub-zero temperatures in both the wrought and recrystallized conditions, 
even when produced from chromium grades of only moderate purity. 

The work summarized here was undertaken in an effort to make further 
improvements in the critical properties of chromium alloys beyond those 
offered by the compositions described above and'more recently reported alloys 
identified by the Australians c,"). Not only were additional increases in 
accompanying improvements in the ductile-brittle transition temperature 
fwhich for C-207 is typically 400'F at slow (tensile) strain rates and 700°F 
under impact loading] were also sought. 
application of chromium alloys will require the successful development of 
protective coatings, a secondary objective of the present work has been the 
identification of more effective means of retarding reaction during air oxidation 
through minor alloying additions, 

Although it is probable that long-time 

3. BACKGROUND 

Several significant advances have been made in the technology of Cr 
alloys over the past several years. The addition of reactive elements such 
as yttrium was found to improve the resistance to nitrogen absorption t" 
The mechanism(s) by which reactive-metal additions improve the resistance to 
nitridation have not been completely defined, but the effect has been well 
documented and is reproducible. Combinations of Y with other reactive metal 
additions such as Th and Hf are more effective than single additions in 
improving both nitridation resistance and retention of ductility after high- 
temperature exposure. An alloy of Cr-Y-Th-Hf, where the total alloy content 
was less than 0.5 wt. percent, was resistant to nitridation for 100 hours at 
2300OF in thin (0.022-inch) sections (f4 I. There was no evidence of incipient 
melting, and the ductile-brittle transition temperature (DBTT) in bending was 
about 300°F in the as-oxidized condition. 

I s  

As a result of the improvement afforded by small amounts of Y, the Cr-Y 
system has been used as a base for several alloy development programs. It has 
made possible the induction melting process for primary consolidation and 
permitted use of Cr of only moderate purity. The melting process consists of 
melting hydrogen-reduced electrolytic flake in a Y@O,-stabilized Zr 
in an inert atmosphere. Y was added to getter interstitial impurit 
the melt and to provide a slight excess i the alloy for subsequent oxidation- 
nitridation resistance. The cost of the -reduced flake is one-fourth to 
one-third the cost of high-purity crystals produced by the iodide process. 
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The addition of Groups VI1 and VI11 metals to Cr in some cases results 
in a striking improvement in low-temperature ductility. C ncentrations of 
about 35 atomic percent Re(15)'and 20 atomic percent Ru (16' result in highly 
ductile Cr alloys. However, Parge amounts of each element are required to 
provide this high degree of ductility. A further disadvantage of Ru is a 
decrease in melting point to about 2900'F for a Cr-20Ru alloy compared to a 
melting point of about 4000'F in Cr-35Re. 
inexpensive metal which when added to Cr in moderate amounts causes duct.ility 
improvements similar to Re, is Co. Single-phase alloys containing 25 to 
35% Co prepared by chill casting have exhibited considerable plasticity in 
room temperature rolling experiments (I7 e Since the, equilibrium solubility 
of Co in Cr is only about 10% at 1800°F, the alloys were supersaturated in 
the chill-casting process. It is clear that practical binary Cr-Co alloys 
will not be developed, since the terminal solubility drops rapidly with 
temperature, and such alloys are embrittled by sigma-phase formation during 
aging at 1500 to 2000'F. It is possible, however, that substitution of Co 
for part of the Re (or Ru) in ternary Cr-base alloys could result in useful 
materials. 

To date, the only relatively 

One of the most significant developments in Cr alloy technology has been 
the improvement in strength and ductility afforded by carbide dispersions. 
Fine carbide dispersions have been shown to result in increased high-temperature 
strength while simultaneously increasing low-temperature ductility. It is 
reasoned that the carbide particles act as sinks for other interstit'al 

thereby improving ductility. Stress-rupture strengths of representative 
alloys are shown in Figure 1, with unalloyed Cr data included for comparison. 
Tensile properties of several alloys are compared in Table 1. Based on early 
data, the lower-C alloys with Zr or Hf-rich reactive metal additions were 
clearly superior-to higher-C alloys. The normal structure of this type of 
alloy contained ZrC and (Zr,Ti)(C,N) phases of the NaCl type. 
at 2000-2250'F dissolved nonequilibrium Cr23C6 present in as-worked structures 
and precipitated dissolved interstitials as (Ti,Zr)(C,N) and/or ZrM. This 
removal of interstitials fram solution, especially nitrogen, produced excel-- 
lent ductility with DBTT values as low as -50°F. The low DBTT values could 
be retained even when the alloy was contaminated by 900-1000 ppm oxygen + 
nitrogen, provided that a sufficient reactive metal concentration was main- 
tained to getter the contaminants. 

particularly nitrogen, and perhaps as sources of mobile dislocations t s 8 y  , 

Heat treatment 

The combination of solid-solution and carbide-dispersion mechanisms 
resulted in further advances in Cr-base alloys. Figure 2 summarizes the 
stress rupture properties of several alloys. The addition of W to a carbide- 
strengthened alloy resulted in significant strength increases. The C-207 
alloy represents the best combination of strength, ductility, and oxidation 
resistance of any known Cr-base alloy at the outset of the present work, 
except perhaps the Cr-35Re alloy. The C-207 alloy has been prepared as 
100-pound induction-melted heats, and its properties have been extensively 
investigated. It also has been successfully forged into turbine blades. 
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U t i l i z i n g  t h e  above background as a s t a r t i n g  po in t ,  t h e  present  program 
was undertaken t o  f u r t h e r  develop the  p o t e n t i a l  of Cr-base a l l o y s  f o r  u s e  i n  
advanced air-breathing engineB . 

4. TECHNICAL APPROACH 

4 .1  Alloy Design 

In order  t o  provide improvements i n  s t r e n g t h ,  d u c t i l i t y ,  and Oxidation- 
n i t r i d a t i o n  r e s i s t ance ,  f i v e  broad classes of a l l o y s  have been included i n  t h e  
study. These f i v e  types  of a l loy  systems, w i t h  examples of t h e  addi t ions  
made, a re :  

1) Ni t r ida t ion  i n h i b i t o r s  (Y, Th, La) 
2) Solid-solut ion s t rengtheners  (Mo, W ,  V) 
3) Sol id-so lu t ion  d u c t i l i z e r s  ( R e ,  Ru, Co) 
4) Dispersion s t rengtheners  (carbides, bor ides ,  i n t e r m e t a l l i c s )  
5 )  Complex combinations of above. 

In  s e v e r a l  i n s t ances ,  s u f f i c i e n t  data were ava i l ab le  from p r i o r  work t o  
spec i fy  compositions which merited f u l l  eva lua t ion  i n  t h i s  program. In  o the r  
cases ,  t h i s  p r i o r  work had i d e n t i f i e d  p o t e n t i a l l y  f r u i t f u l  a l loy ing  approaches, 
bu t  had not  proceeded t o  the  point  t h a t  exact compositions can be recommended 
with confidence. In  t h e  l a t t e r  ins tances ,  it w a s  considered more e f f i c i e n t  
t o  first conduct surveys of such a l loy  systems using hea ts  of smaller s i z e  
and confining t h e  eva lua t ion  t o  the  most c r i t i c a l  c h a r a c t e r i s t i c ( s )  a f f ec t ed  
by t h e  va r i ab le  under s t u d y .  This  approach was adopted f o r  t h i s  program, and 
four sepa ra t e  phases of a l loy  design were undertaken. 

A) F i r s t  series of induction-melted h e a t s  (3-4 pounds). 
B) Small h e a t s  f o r  system surveys (50-100 grams). 
C) Ser i e s  of induction-melted heats based on B. 
D) Optimized compositions based on A through C. 

Two somewhat a r b i t r a r y  "standards" were employed in  the  i n i t i a l  phases. 
Br i e f ly ,  t h e  i n t e n t  was t o  eva lua te  s e v e r a l  a l loy ing  approaches using 
addi t ions  t o  or depar tures  from t h e  s tandard  a l loys .  T h i s  s tandard could have 
been s e l e c t e d  a s  unalloyed C r  or perhaps Cr-P. R e s u l t s  from e i t h e r  of these 
would probably y i e l d  t h e  same r e l a t i v e  r a t i n g  of t h e  e f f ec t iveness  of t h e  
f u r t h e r  addi t ions .  The results would n o t ,  however, be l i k e l y  t o  approach 
those requi red  f o r  t h e  t ime/ temperature/s t ress  regime of i n t e r e s t  here .  

The s tandard solut ion-strengthened mat r ix ,  i n  atomic percent ,  is: 

0-. 1P ( C r - 7 . 1  i n  weight percent)  
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e of the  bas i c  guide l ines  i n  a l loy  design fo r  high-temperature stre 
is ,  of course,  t h e  melting po in t ,  and the i n t e r - r e l a t e d  aspects  of atomlc 
mobil i ty  and a t tendant  effects on creep. Although other factors such as 
d i f fe rences  i n  atomic size and elastic cons tan ts  are also important,  the 
melting characteristics assume added s ign i f i cance  as t h e  time/temperature 
condi t ions f o r  stressed se rv ice  are increased,  A review of t h e  effects of 
R e  and o the r  s o l u t e s  with g r e a t e r  than s i x  orb i ta l  e l e c t r o n s  w a s  presented 
i n  t h e  preceding sec t ion .  Of t h e  remaining elements with melting poin ts  above 
3000'F, only W ,  Mo, and V have extended s o l u b i l i t y  i n  C r .  The effects of 
these so lu t e s  on t h e  high-temperature t e n s i l e  s t r e n g t h  of C r  a l l o y s  are 
compared i n  t h e  following t abu la t ion  fo r  concentrat ions of 3 t o  6 atomic 
percent : 

Average Increase  i n  Tensile S t rength  

Solu te  

V 
MO 
W 

(psi/atom 96) 
2000'F 2200'F 

900 
5 700 
9900 

"- 
4000 
8 100 

As might be expected, W has a considerably higher  s t rengthening e f f e c t  
a t  these  temperatures on an atomic b a s i s .  When the increase  i n  s t r e n g t h  per  
weight percent s o l u t e  is  considered,  W and Mo are e s s e n t i a l l y  equivalent  a t  
2000'F and W i s  super ior  a t  t he  higher  temperature.  However, p r i o r  
i n  these  l abora to r i e s  i nd ica t e s  t h a t  W addi t ions  a r e  l imi ted  t o  abo 
percent by t h e  s o l i d - s t a t e  m i s c i b i l i t y  gap in  t h e  Cr-W sys tem(ls ) ,  
a l loyed compositions reject a W-rich s o l i d  so lu t ion  upon aging at t 
below 1800°F and at tempts  t o  work such a l l o y s  have not been success 
with somewhat higher  atomic concent ra t ions  of Mo h a w  been reduced 
t o  bar s tock  and t h e i r  s t r eng ths  follow the  t rends  shown i n  t h e  t a b u l a t i o n  
above. Therefore,  Mo a l l o y s  have been emphasized i n  prefrerence t o  W i n  the 
i n i t i a l  phases of the  s t u d y .  The Cr-4MO-.lY a l l o y  selected a s  t h e  s tandard 
matrix w i l l  provide an increase  of some 20,000 p s i  i n  the 2000'F t e n s i l e  
s t r eng th  over tha t  of C r  or Cr-Y,  y e t  should permit processing w i t h o u t  undue 
d i f f i c u l t y  . 

The s tandard reactive-metal/carbon a l l o y ,  i n  atomic percent ,  is: 

Cr-.  05Y-. 4Zr- .  2Ti-. 4C 
(Cr-.085Y-.7Zr-,2Ti-.O9C i n  weight percent)  

The use  of a Zr-rich combination of Z r  and T i  as t h e  carbide-stabilizing 
addi t ion  represents  t he  approach which has y i e lded  t h e  best balance of c r i t i -  
c a l  p rope r t i e s  i n  our  pr ior  work. Although it is beyond t h e  scope of t h i s  
r epor t  t o  d iscuss  t h e  pr ior  data i n  d e t a i l ,  a sho r t  review of uonclusions is  
i n  order .  Both Zr and H f  add i t ions  t o  Cr-Y-C a l l o y s  r e s u l t  i n  t h e  formation 
d massive carbide p a r t i c l e s .  Although these la rge  p a r t i c l e s  provide r e l a t i v e l y  
l i t t l e  d ispers ion  s t rengthening ,  t h e  a i r  oxidat ion behavior and r e s i s t a n c e  t o  
embrittlement of such a l l o y s  is super ior .  Additions of T a ,  Cb, and T i  r e s u l t  
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i n  p r e c i p i t a t i o n  of f i n e ,  uniformly dispersed monocarbides with a t t r a c t i v e  
thermal s t a b i l i t y .  The s t r eng ths  of these types of a l l o y s  a r e  considerably 
higher  than  those which form the coarse carb ides ,  but they a r e  more severe ly  
embr i t t l ed  by a i r  oxidat ion.  Al loys  with carbides based on a combination of 
Z r  and T i  have s t r u c t u r a l ,  s t r eng th ,  and oxidat ion characteristics which a r e  
intermediate  between t h e  t w o  groups described above and the  thermal s t a b i l i t y  
appears t o  be super ior  t o  either type,  w i t h  l i t t l e  growth of the  carbides 
observed upon 1000-hour exposure at  2000°F(4).  
a s  t h e  s tandard i n  Phases A and B of t h e  program-. Volume f r a c t i o n s  of the 
dispersed phase, react ive-metal  t o  i n t e r s t i t i a l  ra t ios ,  and compositions of 
t he  compound-stabilizing elements have been va r i ed  w i t h  t h i s  s tandard as the 
b a s i s  f o r  comparison. A l i m i t e d  evaluat ion of borides was a l s o  performed. 

Th i s  type of carb ide  is used 

F ina l ly ,  the  d e s i r e d  l e v e l  of r e t a ined  y t t r ium is dependent on t h e  type 
of a l l o y  under cons idera t ion .  
and higher  a r e q u i t e  easy t o  work and have good oxida t ion  r e s i s t ance .  
of s u b s t i t u t i o n a l l y  so lub le  elements do not appear t o  reduce the to le rance  f o r  
Y ,  p a r t i c u l a r l y  i n  the  case of non-reactive solutes.  Carbide-strengthened 
a l loys ,  on t h e  o the r  hand, are hot-short  and s u f f e r  intermediate-temperature 
n i t r i d a t i o n  and consequent embrit t lement a t  Y contents  above 0.2% and most 
cons idera t ions  ind ica t e  tha t  the  optimum l e v e l  may be more near ly  0.1%. 
Microprobe scans of such a l loys  i n  t h e  l a t t e r  range and emission analyses  of 
ex t rac ted  phases show a lower s o l u b i l i t y  of Y and/or a tendency t o  segrega te  
t o  t h e  carb ides .  For these reasons,  an intended Y l e v e l  of .l% (.l atom %) 
was used as a s tandard i n  t h e  Phase A a l l o y s  which do not conta in  so lub le  
second phases such as  carbides, and a lower l e v e l  of .085% Y (.05 atom %) 
was e s t ab l i shed  as the  s tandard i n  the dispersion-strengthened a l loys .  

Binary a l loys  w i t h  r e s i d u a l  Y l e v e l s  of 0.3% 
Additions 

Alloys selected for evaluat ion as four-pound heats contained s o l u t e  
concentrat ions of 4 t o  8 atomic percent Mo, W ,  o r  Co and somewhat higher 
l eve l s  of V and R e .  It was not considered necessary t o  inves t iga t e  concen- 
t r a t i o n s  of t h e  major solutes employed here at l e v e l s  below 4 a/o s ince  the 
s t rengthening a t  such l eve l s  would be inadequate i n  terms of the  targets set 
for t h i s  work. With t h e  exception of V ,  which has a r e l a t i v e l y  mi ld  effect 
on hardness and s t r e n g t h ,  and of Re, which is known t o  promote exce l l en t  
mechanical p rope r t i e s  a t  about 35 a/o, it w a s  f e l t  t o  be inadvisable  t o  
include solut ion-strengthening addi t ions  above 8 a/o i n  t h i s  phase because 
of d i f f i c u l t i e s  i n  working even more d i l u t e  a l l o y s  in  prior s t u d i e s .  
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Severa l  o ther  types of C r  a l l o y s  have been shown t o  o f f e r  promise of 
improvements i n  one or more of t h e  c r i t i c a l  p rope r t i e s .  I n s u f f i c i e n t  da t a  

were i n i t i a l l y a v a i l a b l e  t o  j u s t i f y  the  s p e c i f i c a t i o n  of exact compositions 
f o r  f u l l  property screening.  Consequently, t hese  approaches were 
evaluated i n  t h e  concurrent Phase B by surveys over broader ranges of s o l u t e  
concentrat ion i n  small but ton hea t s  from t h e  pe r t inen t  a l loy  systems. A 
summary of t h e  systems included i n  Phase B is shown i n  Table 2. 

4.2 Out  l i n e  of Evaluat ion Procedures 

Some 60 compositions which represented t h e  f i v e  genera l  types of a l l o y s  
described above were s e l e c t e d  f o r  screening as research hea t s  of moderate size.  
Consolidation of t hese  a l l o y s  has been performed pr imari ly  by induct ion melting 
of Ha-reduced chromium and c a s t i n g  as 2.125" diameter ingots .  
processed by ex t rus ion  of Mo-canned or steel-canned b i l l e t s  followed by swaging 
t o  0.25" diameter. 'Wrought bar  s tock  from one r ep resen ta t ive  a l l o y  from each 
of the  f i v e  types Was subjec ted  to: 

The ingots  w e r e  

1) A complete chemical ana lys i s  from t h r e e  loca t ions  i n  t h e  o r i g i n a l  
ingot  t o  document homogeneity. i 

2) A mic ros t ruc tu ra l  study of heat  t reatment  response i n  t h e  range 
1400OF t o  values i n  excess of t he  solvus temperature of dispersed 
phases. 

3) Low-temperature t e n s i l e  tests i n  t h e  t h r e e  m o s t  a t t r a c t i v e  thermal 
condi t ions  t o  determine t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature. 

H e a t  treatment of t h e  remaining induction-melted a l loys  w a s  based on t h e  
above resu l t s .  A l l  t h e  following were determined, provided t h a t  s u f f i c i e n t  
ba r  s tock w a s  ava i lab le :  

1) Analysis of wrought bar s tock  for i n t e r s t i t i a l s  and y t t r ium t o  
insu re  t h e  combined C$ 
t o t a l  and t h a t  t h e  r e t a ined  Y l e v e l  is i n  t h e  intended range. 

plus  N, content  does not exceed 300 ppm 

2) The d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature i n  tension.  

3) Elevated-temperature t e n s i l e  s t r eng th  i n  vacuum ( i n  the  range 1900- 
2400OF) i n  one wrought and one f u l l y  r e c r y s t a l l i z e d  condi t ion.  

4) A i r  oxidat ion behavior i n  the  range 1500-2400°F. 

taxlographic  eva lua t ion  of t h e  above specimens. 



In  addi t ion  t o  t h e  tests described above, creep-rupture strengths 
were determined a t  2100 and 2400OF for  those  a l l o y s  which exhib i ted  the  
bes t  cambinat ion of o ther  c r i t i ca l  p rope r t i e s .  

In  Phase B, s e v e r a l  d i f f e r e n t  a l loy ing  approaches were s tud ied  i n  
terms of s p e c i f i c  effects on phase r e l a t i o n s h i p s ,  workabi l i ty ,  low-temperature 
d u c t i l i t y ,  and r e s i s t a n c e  t o  n i t rogen  embrit t lement.  Consolidation of these 
compositions w a s  by arc melting of small but tons or drop cas t ings ,  and 
c r i t i ca l  a l l o y  i n t e r a c t i o n s  i n  each series were inves t iga ted  by s e l e c t i v e  
microstructural analyses ,  oxidat ion,  forg ing ,  and r o l l i n g  t r i a l s ,  and bend 
t e s t i n g .  The s t u d y  of but ton heats and t h e  i n i t i a l  work on induct ion melted 
a l l o y s  were conducted concurrent ly .  Since t h e  results from the  but tons were 
used i n  t h e  design of l a rge r  hea t s  i n  later phases of the  program, it w i l l  
be more convenient t o  t h e  reader  t o  present  t he  r e s u l t s  from t h e  smaller heats 
first. 

5. EXPERIMENTAL RESULTS--ARC-MELTED BUTTONS 

Data from a rather la rge  number of arc-melted but tons from s e v e r a l  a l loy  
systems have been generated i n  t h i s  por t ion  of t h e  program. The u l t ima te  
goal was t o  select t h e  most promising of the approaches surveyed here  for  
incorporat ion i n  l a r g e r  hea t s  prepared i n  subsequent phases of the s t u d y .  A 
summary of t h e  a l loy  systems included i n  Phase B of the  inves t iga t ion  is shown 
i n  Table 2.  A l l  of t h e s e  a l l o y s  were a r c  melted as 50 t o  100 gram heats using 
tungsten electrodes, water cooled copper but ton or drop-casting molds, and a 
helium-argon atmosphere g e t t e r e d  p r i o r  t o  prepara t ion  of the but tons by melting 
a t i t an ium charge. 
t h r e e  times t o  promote homogeneity. 

Except where noted, t he  a l l o y s  were melted a minimum of 

5 . 1  Cr-W-V Alloys 

Tungsten is one of t h e  most e f f e c t i v e  so l id-so lu t ion  s t rengthening 
addi t ions  for chromium with complete s o l u b i l i t y  above 2750'F b u t ,  a s  a result  
of t h e  m i s c i b i l i t y  gap i n  the  Cr-W system(") ,  t h e  s o l u b i l i t y  of W i n  C r  
f a l l s  t o  only about 5 atomic percent at lower temperatures. P r i o r  work 
i n d i c a t e s  that  vanadium exerts only a mi ld  s t rengthening effect ,  b u t  t h a t  it 
increases  t h e  s o l u b i l i t y  of W i n  t e rna ry  a l l o y s ( a 0 ) .  
were too  l i m i t e d  t o  e s t a b l i s h  t h e  solvus with any degree of accuracy, a 
series of alloys with 5,  7 .5 ,  and 10 atomic percent W was prepared w i t h  V 
addi t ions  ranging from 0 t o  2%. 
c r y s t a l s  and drop-cast as 0.5" diameter cy l inde r s .  
phase as-cast and a f t e r  2-hour annealing a t  both 2500 and 2900'F. The 
higher  temperature was necessary for complete homogenization because traces 
of cor ing were present  a f t e r  2 hours a t  2500OF. Homogenized specimens were 
subsequently aged 230 hours a t  1650'F and for  24 hours and 200 hours a t  1800'F. 
The longer time a t  1800'F was necessary t o  cause uniform p r e c i p i t a t i o n  i n  the  
two-phase a l loys .  

Since ava i l ab le  da t a  

The a l l o y s  were a r c  melted from iodide C r  
A l l  al loys were s i n g l e  
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Cr-W-V a l loy  compositions and metallographic observations a re  given i n  
Table 3. In  the  binary a l l o y s ,  a sh;rp increase i n  hardness between 7 .5  and 
10% W was accompanied by i r r e g u l a r  p rec ip i t a t ion  t h a t  w a s  subsequently con- 
firmed t o  be a W-rich s o l i d  so lu t ion .  Yn the te rnary  a l loys  the  p rec ip i t a t ion  
w a s  general  and r e l a t i v e l y  uniform as  indicated i n  Figure 3. I t  i s  d i f f i c u l t  
t o  determine whether t h e  amount of p r e c i p i t a t e  is increased with increased V 
concentration. The p r e c i p i t a t e  p s r t j c l e s  a re  apparently very small  and t h e  
d i f fe rence  i n  apparent p r e c i p i t a t e  densi ty  may be caused i n  par t  by the  
r e l a t i v e  rates of e tching of g ra ins  of d i f f e r i n g  o r i en ta t ions .  In genera l ,  
however, t h e r e  appears t o  be an increase i n  degree .of p rec ip i t a t ion  a s  t he  
V concent r a t  ion is  increased ~ 

In  t h e  more d i l u t e  te rnary  a l loys  a s l i g h t  sof ten ing  occurred upon f i r s t  
appearance of t he  p r e c i p i t a t e ,  while i n  t h e  more concentrated a l loys  hardening 
w a s  observed. Location of t he  a l loys  i n  r e l a t i o n  t o  t h e  proposed te rnary  
Cr-W-V equilibrium diagramc2') is shown i n  Figure 4. The metallographic 
r e s u l t s  s t rongly  ind ica t e  t h a t  V does not  increase t h e  SGlUbility of W i n  
C r  a t  low temperatures.  It  w a s  not c lear ,  however, whether a misc ib i l i t y  gap 
a l s o  e x i s t s  i n  t h e  C r - V  binary system or  whether V simply increases  the r a t e  
of p rec ip i t a t ion  of W from t h e  C r  s o l i d  so lu t ion .  P rec ip i t a t ion  of a V-base 
s o l i d  so lu t ion  would not be expected t o  r e s u l t  i n  t h e  la rge  hardness increase 
t h a t  has been noted i n  t h e  Cr-W binary a l l o y s  when t h e  W-rich so lu t ion  
p rec ip i t a t e s  

The p o s s i b i l i t y  t h a t  t h e  second phase i n  t h e  a l loys  with higher  V contents  
could have r e su l t ed  from i n t e rac t  ion with r e s idua l  i n t e r s t i t i a l  impur i t ies  w a s  
a l s o  considered. X-ray d i f f r a c t i o n  da ta  were obtained on residues from p a r t i a l  
d iges t ion  of aged samples (1800°F-200 hours) of Cr-IOW a l loys  with addi t ions of 
0, 10, and 20 atomic percent V ,  us ing a 10% H,SO,-C,H,OH e l e c t r o l y t e  a t  a 
cur ren t  dens i ty  of about 0 .2  amp/in2. Only bcc phases were detected.  The 
l a t t i c e  parameter of t he  matrix increased from 2.916 A f o r  t h e  Cr-1OW binary 
t o  2.929 A i n  Cr-1OW-1OV and 2.939 A i n  Cr-1OW-20V. The binary a l loy  a l s o  
contained a second bcc phase with a l a t t i c e  parameter of 3.125A, ind ica t ing  
t h e  W-rich s o l i d  so lu t ion .  No x-ray evidence of such a phase was observed i n  
e i t h e r  of the  a l loys  with te rnary  addi t ions  of V. 

Whatever i t s  n a t u r e ,  t h e  uniformity and t h e  apparent, small s i ze  of t h e  
subs t ruc ture  i n  t h e  V-rich a l loys  may provide a s i g n i f i c a n t  e f f ec t  on the  
s t rength  and/or d u c t i l i t y .  A large heat of a t e r n a r y  Cr-W-V a l loy  was pro- 
duced i n  Phase C of t h i s  study t o  more f u l l y  eva lua te  the  e f f e c t s  on 
mechanical proper t ies .  
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5.2 Co Additions t o  Cr-Re and Cr-Ru Alloys 

Concentrations of about 35 atomic percent Re(15)  and 20 atomic percent 
Ru(16)  r e s u l t  i n  highly d u c t i l e  C r  a l loys.  
worked from t h e  as-cast condi t ion and r e t a i n  t h e i r  d u c t i l i t y  a f t e r  exposure 
at  e leva ted  temperatures.  
Electric experiments have shown t h a t  Co addi t ions  t o  C r  a t  l e v e l s  of 25 t o  
30 atomic percent r e s u l t  i n  similar d u c t i l i t y  improvements when t h e  a l l o y s  
a re  supersa tura ted  by c h i l l  ca s t ing  or by quenching from an annealing 
temperature above 2500'F. However, s ince  t h e  s o l u b i l i t y  of Co drops rap id ly  
with decreasing temperature,  t hese  a l l o y s  are emhr i t t l ed  by sigma phase 
formation during aging i n  t h e  temperature range of 1500 t o  2000'F. 

Such compositions can be co ld  

As ou t l ined  i n  a prege'ding s e c t i o n ,  p r i o r  General 

The approach adopted i n  t h e  present  s e r i e s  w a s  t o  add Co t o  Cr -Re  and 
Cr-Ru a l l o y s  i n  an attempt t o  decrease the  amounts of R e  or Ru requi red  f o r  
s i g n i f i c a n t  d u c t i l i t y  improvements. The a l l o y s  were prepared from iodide 
C r  crystals  and R e ,  C o ,  and Ru powders which were hydrogen t r e a t e d  a t  2550'F 
f o r  1/2 hour t o  deoxidize,  and then a r c  melted. The te rnary  a l l o y s  were f i r s t  
melted a s  but tons and then drop c a s t  i n t o  1/2" diameter cy l inde r s .  
approximately 0.1" t h i c k  were cu t  from the  cy l inde r s  a@ r o l l e d  a t  room 
t empera ture  u n t i l  excessive cracking occurred. R e s u l t s  of these  r o l l i n g  
experiments a r e  i l l u s t r a t e d  on t h e  diagrams of t h e  Cr-rich corners  of t he  
Cr-Re-Co and Cr-Ru-Co systems i n  Figures 5 and 6 ,  r e spec t ive ly .  

Disks 

A t  t h e  l e v e l  of 11 a/o R e ,  t h e  d u c t i l i t y  shows a marked increase  as t h e  
Co content  increases .  L i t t l e  improvement i n  workabi l i ty  is noted a t  t h e  
lower R e  content  i nves t iga t ed .  S imi la r  behavior is observed i n  t h e  Cr-Ru-Co 
system. Increas ing  t h e  Co l e v e l  r e s u l t s  i n  a continuous improvement i n  co ld  
r o l l i n g  c h a r a c t e r i s t i c s  a t  t h e  higher  Ru conten t .  

A l l  t h e  a l l o y s  shown i n  Figures 5 and 6 were single-phases i n  t h e  as-cast 
condi t ion.  However, a f t e r  heat  treatment a t  2550'F f o r  1 hour, and then aging 
for 100 hours a t  1650'F, p r e c i p i t a t i o n  of sigma phase occurred i n  most of t h e  
a l loys .  Aged s t r u c t u r e s  of t h e  more highly al loyed Cr-Re-Co compositions,  
those which i n  t h e  c a s t  condi t ion exhib i ted  the  bes t  co ld  workabi l i ty ,  are 
shown i n  b and c of Figure 7 .  Based on similar metallographic observat ions 
from t h e  two series, t h e  t en ta t ive  boundaries between t h e  bcc s o l i d  so lu t ions  
and the  two-phase regions containing sigma a r e  ind ica ted  on t h e  te rnary  
diagrams i n  Figures 5 and 6.  Resul t s  i nd ica t e  t h a t  C o  can i n  f a c t  be subs t i -  
t u t e d  f o r  r e l a t i v e l y  la rge  por t ions  of t h e  Re and Ru required t o  promote co ld  
workabi l i ty  i n  cast C r  a l l oys .  Thermal s t a b i l i t y  i s  impaired by such 
s u b s t i t u t i o n ,  however, p a r t i c u l a r l y  a t  the  higher  C o  l eve l s .  
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n order  t o  f u r t h e r  def ine  t h e  C r  s o l i d  s o l u t i o n  region i n  the Cr-Re-Co 
te rnary  sys tem,  an addi t ionaz  series of a l l o y s  located near  t h e  t e n t a t i v e  
1650'F phase boundary was prepared. 
da t a  from a l l  a l l o y s  of t h i s  type are presented i n  Table 4. One of t h e  
a l l o y s  (30.2Re-5.7Co) contained a p r e c i p i t a t e  a f t e r  2-hour homogenization 
at 275Q°F, but t h e  remaining a l l o y s  were single phase. 
combined R e  and Co conten ts  above about 27 atomic percent  showed any s i g n i f i -  

t enhancement of co ld  workabi l i ty .  After aging for  100 hours a t  165Q°F 
a l l  of the7a.flojr's wi th  Co concent ra t ions  above about 7.5 atomic percent 
exhib i ted  a second phase, t h e  more d i l u t e  showing only a -grain boundary 
p r e c i p i t a t e ,  presumably sigma phase. The micros t ruc ture  of one such a l loy  
is shown i n  Figure 7 along w i t h  t he  s t r u c t u r e s  of a l l o y s  of higher  Co con- 
t e n t s  which e x h i b i t  considerable  d u c t i l i t y  i n  the supersa tura ted  condi t ion  
but  poorer s t a b i l i t y  a t  1650'F. 
i n  the  Cr-Re-Co system a t  1650'F is presented i n  Figure 8 .  

Alloy compositions and rnetallogr,aphic 

Only t h e  a l l o y s  with 

The ex ten t  of t h e  C r  sol id  so lu t ion  region 

Alloys l i s ted  i n  Table 4 were forged a t  2200'F but  most, p a r t i c u l a r l y  
those high i n  Co ,  f r ac tu red  badly during forging.  Attempts t o  c u t  bend test 
specimens from the  forged a l l o y s  were not success fu l  because of their  b r i t -  
t l e n e s s  except i n  the case of t h e  Cr-2.5Co-25.6Re a l l o y .  The latter composition 
exhib i ted  d u c t i l i t y  a t  room temperature (approximately 20' bend of a .050" 
t h i c k  specimen a t  a bend r ad ius  of .060" before f r a c t u r e ) .  
i n d i c a t e  t h a t  t h e  s u b s t i t u t i o n  of C o  for  Re i n  C r  a l l o y s  is poss ib l e  but  is 
not p rack ica l  because of t h e  i n s t a b i l i t y  of the a l l o y s  at intermediate  
temperatures (- 1650'F). Co-rich a l loys located near t h e  solvus l i n e ,  while  
re la t ively s t a b l e ,  are very b r i t t l e .  
t e rnary  Cr-Co-Re or Cr-Co-Ru a l loys .  

The r e s u l t s  

No f u r t h e r  work was performed on the  

5.3 

Aside from t h e  improvement of d u c t i l i t y  i n  concentrated so lu t ions ,  R e  
has been shown i n  pr ior  work t o  have a b e n e f i c i a l  effect on a i r  oxidat ion 
behavior of much more d i l u t e  C r  a l l o y s  conta in ing  Y(491*) .  Since Ru and C o  
are analogous t o  R e  i n  other r e spec t s ,  the  ox ida t ion -n i t r ida t ion  r e s i s t a n c e  
of a series of Cr-Y a l loys  with r e l a t i v e l y  small add i t ions  of t hese  t h r e e  
elements was evaluated. The a l loys  were prepared from hydrogen-seduced C r  
f l a k e  and p u r i f i e d  R e ,  Ru, and Co. The C r  was a l loyed  f i r s t  with t h e  R e ,  
Ru, o r  Co t o  insure homogeneity. These b u t t  crushed t o  provide a 
master a l l o y  t o  which t h e  'It was added s were first melted as 
but tons and drop c a s t  i h to  1/2" diame 

cleaned,  and exposed t o  
a i r  a t  1600" and 21OOOF t 2460'F f o r  24 hours,  Resu l t s  
are compiled i n  Table 5 .  bina t ion  of P and R e  results i n  

s e Disks approximately 

t i o n - n i t r i d a t  ion behavior The Cr-Re-Y a l loys  exhib i ted  b e t t e r  
e and less n i t r i d a t i o n  than  similar compos t ions  with e i t h e r  Ru 

or Cb. 
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Photomicrographs of t h e  r ep resen ta t ive  specimens a r e  presented i n  
Figures 9 and 10. In  none of t h e  a l loys  w a s  evidence of n i t r i d a t i o n  noted 
a f t e r  100 hours a t  1500'F. S t ruc tu res  i n  each ins tance  were s i m i l a r  t o  the  
as-cast  s t r u c t u r e .  Alloys w i t h  0.5 a/o Y conta in  second phase p a r t i c l e s  
which a r e  f a i r l y  uniformly d i s t r i b u t e d  i n  an in t e rg ranu la r  and i n t e r -  
d e n d r i t i c  a r r ay .  This  d i s t r i b u t i o n ,  a s  discussed i n  conjunct ion with t h e  
induction-melted h e a t s  i n  a later sec t ion , sugges t s  t h a t  t h e  p a r t i c l e s  a r e  
Y-rich. 
i ng rea t ly  reduced quant i ty .  

The a l loys  with 0 . 1  a/o Y also contain a second phase or phases bu t  

In t h e  Cr-4Re-O.!Y a l l o y ,  p r e c i p i t a t i o n  of n i t r i d e  needles  occurred 
during oxidat ion a t  2 00 and 2400'F a s  shown i n  Figures 9 A  and 9B. The 
n i t r i d a t i o n  r e s i s t a n c e  appeared t o  be better than t h a t  of a Cr-4Mo-.lY 
a l loy  which w i l l  be discussed l a t e r .  N i t r i d a t i o n  r e s i s t a n c e ,  p a r t i c u l a r l y  
a t  2400°F, was improved a s  t h e  Y content  w a s  increased t o  0.5% as shown i n  
Figures 9C and 9D. Some agglomeration of t h e  dispersed phase occurred a t  
t h e  higher  temperature. Increasing t h e  R e  t o  8 a/o r e s u l t e d  i n  a f u r t h e r  
improvement i n  n i t r i d a t i o n  r e s i s t a n c e ,  a s  i nd ica t ed  i n  Figures 1 0 A  and 10B. 
Again agglomeration of t h e  second phase occurred a t  t he  higher test temperature ,  
along with evidence of i n c i p i e n t  melting, 

The a l l o y s  with Ru and Co addi t ions  were much less r e s i s t a n t  t o  a i r  
oxidat ion than t h e  Re-containing a l loys .  Extensive n i t r i d a t i o n  occurred a t  
2400'F, as shown i n  Figures 1OC and 1 0 D .  These results i n d i c a t e  t h a t  R e  i s  
b e n e f i c i a l  with regard t o  n i t r i d a t i o n  r e s i s t a n c e  b u t  tha t  Ru and Co ,  a t  t h e  
4 a/o l e v e l ,  a r e  detr imental .  Only Re-containing a l l o y s  were considered for  
extension of t h e  work i n t o  Phases C and D of t h e  program. 

5.4 Cr-Y Alloys with Group IV-A and V-A Carbides 

In  order  t o  provide the  best poss ib le  combination of s t r e n g t h ,  d u c t i l i t y ,  
and r e s i s t a n c e  t o  embrit t lement during a i r  oxidat  ion i n  t h e  design of d i spe r s  iGn 
s t rengthened alloys i n  succeeding phases of t h e  work, a c r i t i c a l  survey of 
t h e  i n t e r a c t i o n s  between carbide-forming elements and n i t r i d a t i o n - i n h i b i t i n g  
addi t ions  was made i n  Phase B. Resul ts  from the f irst  port ion of t h a t  survey 
are presented i n  t h i s  s ec t ion .  Each of t he  Group IV-A and Group V-A metals 
were added a t  l e v e l s  jf 0.5 and 1 .0  atomic percent t o  base compositions of 
C r ,  Cr-Y,  and Cr-Y-C The a l l o y s  were arc melted as 60 gram but tons ,  sheathed 
i n  m i l d  s teel  and drop-forged a t  2200'F t o  a 60% reduct ion i n  thickness .  
a l l o y s  wi th  r e a c t i v e  metal addi t ions  of 1 .0  atomic percent were r o l l e d  t o  
.070 f .010" s t r i p  a t  2100'-1900'F, using i n i t i a l  reduct ions of 20% per pass 
a t  t h e  higher  temperature and f i n i s h i n g  with 10% reduct ions a t  1900'F. 

The 
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A i r  oxidat ion tests w e r e  conducted a t  2100'F on wrought samples of t h e  
e n t i r e  series. Ef fec t s  of ox ida t ion  on t h e  lower-temperature mechanical pro- 
p e r t i e s  of r ep resen ta t ive  alloys with r e a c t i v e  metal  add i t ions  of 1.0 atomic 
percent were compared by bend tests on shee t  specimens. The as-rolled stri 
was cut  i n t o  coupons, ground t o  remove su r face  de fec t s  and any interaction 
with t h e  shea t ing  material, annealed f o r  one hour a t  2000'F i n  vacuum of 10"" 
torr, and e lec t ropol i shed  a t  a cur ren t  dens i ty  of about 1 amp/ina i n  a 10% 
perchlor ic  -90% a c e t i c  ac id  e l e c t r o l y t e  maintained a t  or below 50°F. me 
sample was tested i n  t h i s  condi t ion.  Addit ional  specimens were oxidized i n  
s t a t i c  a i r  f o r  100 hours a t  2100°F, and i f  s u f f i c i e n t  ma te r i a l  w a s  a v a i l a b l e ,  
at 1500°F. The latter oxidat ion temperature w a s  included s i n c e  pr ior  work 
has shown s i g n i f i c a n t  embr i t t l exent  of similar Cr a l l o y s  during a i r  exposure 
a t  1200 - 1600'F, even i n  compositions which have high r e s i s t a n c e  t o  n i t r i d a t i o n  
a t  2000°F and above(sv1o).  
speed of -05  ipm using a d i e  rad ius  of 4T where T is t h e  sheet thickness .  
D u c t i l e - b r i t t l e  t r a n s i t i o n  temperatures (DIT") were approximated by a s i n g l e  
specimen t e s t i n g  technique i n  which the  sample was bent  through an angle  of 
15' a t  t h e  i n i t i a l  test temperature,  then through add i t iona l  bends of 15' a t  
successively lower temperatures u n t i l  f r a c t u r e  occurred. In  t h e  rol led and 
annealed condi t ion ,  i n i t i a l  tests were made a t  400°F and t h e  temperature w a s  
bwered i n  decrements of 50" t o  100°F. T e s t s  of oxidized specimens were s t a r t e d  
a t  800°F and decrements of 100" t o  200°F were employed. The Dgl"T is here  def ined 
a s  t h e  lowest temperature a t  which the  specimen underwent a 15' bend without 
f r a c t u r e .  Values of t h e  load a t  departure  from l i n e a r i t y  on automatical ly  
recorded load-time curves a t  t h e  i n i t i a l  test  temperature were used i n  t h e  
determination of flow stresses, which of course should not be considered as 
accurate  measures of t he  propor t iona l  l i m i t .  

Bend tests were made i n  an Hnstron machine a t  a ram 

R e s u l t s  of 2100°F oxidat ion tests of t h e  e n t i r e  series are shown i n  
Table 6 and mechanical p rope r t i e s  of r ep resen ta t ive  a l l o y s  a r e  summarized i n  
Table 7 .  Rather marked d i f f e rences  in  both oxida t ion  and mechanical behavior 
a r e  observed between those a l l o y s  cont s in ing  a d d i t  ions of Group IV-A metals 
( T i ,  Z r ,  and H f )  and those with s o l u t e s  from Group V-A (V, C b ,  and T a l .  Each 
of t h e  elements i n  binary a l l o y s  w i t h  C r  a t  t h e  l e v e l  of 0.5 atomic percent 
results i n  an increase  i n  t h e  oxidat ion rate over t h a t  of t he  unalloyed metal  
a t  2100'F. However, small addi t ions  of Y t o  the a l l o y s  w i t h  Group IV-A 
so lu t e s  a r e  very e f f e c t i v e  i n  reducing oxida t ion ,  whereas Y is r e l a t i v e l y  
ine f f ec t ive  when added t o  binary a l loys  with V, C b ,  o r  Ta.  The same t r ends  
a r e  observed i n  s i m i l a r  alloys with C. Even without Y, the  a l l o y s  with Z r C  
and HfC exh ib i t  weight-gain values considerably below those with t h e  o the r  
fou r  carb ides .  Additions of Y i n  general  r e s u l t  i n  lower oxidat ion rates i n  
those compositions which conta in  carbides based on t h e  Group IV-A metals, b u t  
have l i t t l e  e f f e c t  on a l l o y s  w i t h  Group V-A carb ides .  The a l loys  with VC are 
an exception t o  t h i s  t r e n d ,  i n  t h a t  q u i t e  low weight-gain values  are obtained 
i n  t h e  presence of Y ,  p a r t i c u l a r l y  a t  t h e  higher  nominal concentrat ion of 0.2 
atomic percent .  It should a l s o  be noted t h a t  t he  a l l o y s  w i t h  ca rb ides  based 
on Group HV-A metals have somewhat lower rates of oxidat ion a t  t h e  higher  

mtal-to-carbon r a t i o ,  while t he  reverse  appears t o  be the  case  f o r  those w i t h  
carbides  of V ,  Cb, and Ta ,  
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Differences i n  low-temperature mechanical p rope r t i e s  and t h e  e f f e c t s  of 
oxidat ion on d u c t i l i t y ,  which a r e  summarized i n  Table 7 ,  are also pronounced. 
Alloys wi th  T i c ,  CbC, and TaC have considerably higher  s t r eng ths  and somewhat 
higher  DE” values  i n  t h e  r o l l e d  and annealed condi t ion.  A i r  exposure a t  1500 
and 2100°F r e s u l t s  i n  a sharp decrease i n  d u c t i l i t y ,  p a r t i c u l a r l y  i n  the  case  
of t h e  CbC and TaC a l loys .  The compositions which conta in  Z r C ,  HfC, and VC 
are d u c t i l e  near or below room temperature and t h e  former t w o  types exh ib i t  
much b e t t e r  Petent ion of d u c t i l i t y  a f t e r  a i r  ox ida t ion .  DBTT values  of 200 
t o  400°F were measured i n  oxidized Cr-Y-C a l l o y s  with Z r  or Hf, compared t o  
g rea t e r  than 800°F i n  s i m i l a r  compositions containing Cb or Ta. 

Some of t h e  f a c t o r s  which a r e  involved i n  t h e  d i f fe rences  i n  both 
mechanical and oxidat ion behavior can be i l l u s t r a t e d  by t h e  photomicrographs 
i n  Figure 11. Carbides i n  t h e  a l l o y s  with Z r ,  which a r e  t y p i c a l  i n  t h i s  
respect  of those with Hf, a r e  r a t h e r  coarse  and widely spaced. 
results from t h e  r e s t r i c t e d  s o l u b i l i t y  of Z r  and Hf i n  C r ( a l ) .  
formed as g ra in  boundary networks during s o l i d i f i c a t i o n .  These in t e rg ranu la r  
carb ides  are fragmented during processing,  but a r e  not appreciably a l t e r e d  by 
hea t  treatment. Such a coarse  d i s t r i b u t i o n  does not  have a l a rge  e f f e c t  on 
e i t h e r  s t r eng th  o r  d u c t i l i t y  i n  t h e  r o l l e d  and annealed condi t ion .  The p a r t i c l e s  
a r e  a l s o  t o o  widely spaced t o  inf luence r eac t ion  during a i r  exposure. Note i n  
Figure 1 1 A  t h a t  only those  few p a r t i c l e s  which intersect the  su r face  appear t o  
be a f f ec t ed  by oxida t ion  a t  1500’F. A t  t h e  higher  oxidat ion temperature,  t h e  
la rge  carb ides  a c t  as s inks  f o r  the  gaseous contaminants as shown i n  Figure 11B,  
and no su r face  o r  i n t e rg ranu la r  n i t r i d e s  are formed. 

This morphology 
Carbides a r e  

Carbides i n  t h e  a l l o y s  with Cb or Ta  addi t ions  a r e  present  i n  t h e  form 
of f i n e ,  uniform dispers ions  which are much more e f f e c t i v e  i n  increas ing  the  
s t r eng th  and r e s u l t  i n  somewhat lower d u c t i l i t y  i n  t h e  r o l l e d  and hea t  t r e a t e d  
condi t ion.  The f u r t h e r  l o s ses  i n  d u c t i l i t y  during intermediate-temperature 
a i r  exposure a r e  probably r e l a t e d  t o  add i t iona l  p r e c i p i t a t i o n  of i n t e r s t i t i a l s ,  
both from t h e  matr ix  and from inward d i f fus ion  of oxygen o r  n i t rogen ,  and a 
r e s u l t a n t  i n t e r a c t i o n  with t h e  d i s loca t ion  a r ray .  Although e s s e n t i a l l y  no 
subsurface hardening was observed a t  1500OF i n  t h e  Cr-Y a l l o y s  with ZrC o r  
HfC addi-kions, those containing Cb or Ta were hardened by 25-50 D 
of 4 t o  6 m i l s .  Oxidation a t  t h e  higher  temperature results i n  acce lera ted  
r eac t ion  of a l l o y s  with CbC or TaC d ispers ions .  The p a r t i c l e s  a r e  c l o s e l y  
enough spaced t h a t  they present a semi-continuous oxidat ion f r o n t .  They a r e  
rap id ly  s a t u r a t e d  by t h e  gaseous contaminants, and both su r face  and in t e rg ranu la r  
n i t r i d e s  are formed a s  i l l u s t r a t e d  i n  Figure 11D.  Even i n  t h e  absence of C ,  
addi t ions  of Cb and Ta appear t o  a t  least p a r t i a l l y  negate  the  b e n e f i c i a l  e f f e c t s  
of Y on oxida t ion  behavior,  as indica ted  by t h e  weight-gain da t a  i n  Table 6 .  
As noted previously,  t h i s  is not t h e  case with s o l u t e s  from Group IV-A. 
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Al loys  with VC appear t o  have t h e  poor f e a t u r e s  of each type discussed 
above, without t h e  a t t r a c t i v e  p rope r t i e s  of e i t h e r .  A r e l a t i v e l y  f i n e  d is -  
persion is formed during cool ing from high temperatures,  but t h e  thermal 
s t a b i l i t y  i s  q u i t e  low. Rapid agglomeration occurs  upon heat  treatment a t  
temperatures a s  low as 2000'F. Although t h e  d u c t i l i t y  of the  a l l o y s  with 
V is  good, t h e i r  s t r eng ths  a r e  not g r e a t l y  d i f f e r e n t  than those  of a Cr-Y 
binary and they are severe ly  embr i t t l ed  by oxidat ion a t  2100'F. 
of t h e  a l loys with T I C  are s i m i l a r  t o  those  with CbC i n  t h a t  a f i n e  d i s -  
pers ion is formed. Embrittlement due t o  oxidat ion is not  as g r e a t ,  however, 
since T i  add i t ions ,  un l ike  those of Group V-A solutes,  do not  i n t e r f e r e  with 
the  e f f e c t s  of Y. 

St ruc tu res  

Based on t h i s  survey, t h e  choice of a combination of Z r  and T i  as t h e  
"standard" ca rb ide - s t ab i l i z ing  addi t ion  i n  t h e  i n i t i a l  phases of t h e  work 
on l a rge r  h e a t s  appears t o  be j u s t i f i e d .  Superior  s t r eng ths ,  however, can 
be a t t a ined  with Cb-rich or Ta-rich carb ides .  It is poss ib le  t h a t  embrit- 
t lement of such a l l o y s  can be minimized by t h e  i d e n t i f i c a t i o n  of an 
element which provides more e f f e c t i v e  resistance t o  oxidat ion and n i t r i -  
da t ion  than does Y. R e s u l t s  of the  study of t h i s  f a c t o r  are presented i n  
Sect ion 5.6 through 5.9. 

5 , 5  Intermetallic Dispersion Systems 

Two binary systems and one te rnary  were surveyed t o  e s t a b l i s h  t h e  
e f f i cacy  of i n t e r m e t a l l i c  compounds as  d ispers ion  s t rengtheners  and t o  
measure the  oxida t ion-n i t r ida t ion  r e s i s t a n c e  of t h e  r e s u l t a n t  a l loys .  
The Cr-Cb, t h e  Cr-Si, and t h e  t e rna ry  Cr-Cb-Si systems were se l ec t ed  
f o r  t hese  purposes. In  an e f f o r t  t o  improve oxidat ion r e s i s t a n c e ,  a 
Cr-0.1 Y base w a s  used i n  most of t h e  a l loys .  The elements were f i r s t  
added sepa ra t e ly  in  a r c  melted but tons i n  s u f f i c i e n t  amounts t o  produce 
CbCra and Cr,Si. 
t h a t  addi t ion  of t he  two elements i n  combination l e d  t o  p r e c i p i t a t i o n  of 
Cbb e e C r o  **Si,  although t h e  phase boundaries were not  w e l l  e s t ab l i shed .  

E a r l i e r  work by Goldschmidt and Brand(22) had indicated 
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Observations made on these alloys are summarized in Table 8, and 
typical microstructures are shown in Figure 12. Reasonably fine and 
uniform dispersions were achieved in alloys with Cb levels of 3 atomic 
percent and above, and the precipitate appeared to be stable through 
2200'F. 
CbCrs, the air oxidation behavior is particularly poor, as shown in 
Figure 12B. The Cr-Si buttons, although exhibiting considerably better 
oxidation behavior, were quite brittle and fractured rather badly during 
forging in spite of their relatively low hardnesses. The workability of 
ternary Cr-Cb-Si alloys proved to be somewhat improved over those of the 
Cr-Si system, but oxidation and nitridation rates are still unacceptably 
high, as shown in Table 8 and illustrated in Figure 12F. After subsequent 
work (described in following sections) showed that additions of La or of 
La plus Y were much more effective than Y alone in retarding nitridation, 
one alloy containing Cb and Si was prepared as a four-pound heat. However, 
this alloy could not be worked to small-diameter bar stock. No further 
work on these systems was recommended. 

However, when the Cb concentration is high enough to produce 

5.6 Alternate Nitridation Inhibitors in Cr-4Mo Allovs 

In this group of alloys, several reactive metals were evaluated with 
respect to their effect on the nitridation resistance of the standard 
Cr-4MO matrix. Since they closely resemble Y, emphasis was placed on the 
lighter rare earths from the lanthanide and actinide series, including 
mischmetal which is a naturally occurring mixture of the lighter elements 
in the former series. Additions of Be from Group 11-A were also investigated. 
The alloys were prepared from hydrogen-reduced C r  flake. A master alloy of 
Cr-4MO was first arc melted as 100-gram buttons, which were crushed and blended. 
The reactive additions were then added at levels of 0.1 and 0.5 atomic percent 
by arc melting and drop casting into 1/2"-diameter cylinders. 

Oxidation tests were conducted in static air at 1500, 2100, and 2400OF. 
The weight change data are recorded in Table 9. Comparison of the total and 
net-weight-change values gives a good indication of the oxide adherence. In 
addition to considerable spalling at 2400'F in most of the alloys with 
reactive solute concentrations of 0.1 atomic percent, there was also evidence 
of volatile reaction products, particularly in the Cr-Mo and Cr-Mo-Be alloys, 
This behavior probably reflects formation of the volatile oxide CrQ, as has 
been noted in a number of previous investigations at temperatures as low as 
2000OF. 

17 



A summary of metallographic observat ions and hardness measurements of 
t he  oxidized specimens is presented i n  Table 10. No n i t r i d i n g  w a s  detected 
a f t e r  1500'F exposure. In  genera l ,  t he  alloys which exh ib i t  a high degree 
of oxide adherence are a l s o  q u i t e  r e s i s t a n t  t o  n i t r i d a t i o n  a t  t h e  h igher  
temperatures. Additions of La and Pr a r e  more e f f e c t i v e  than Y i n  improving 
the a i r  oxidat ion r e s i s t a n c e  of t h e  Cr-4Mo base,  and addi t ions  of mischmetal 
are a t  l e a s t  equivalent .  Photomicrographs of r ep resen ta t ive  specimens a r e  
shown i n  Figures 13 and 14. The Cr-No a l loy  is extens ive ly  n i t r i d e d  a t  both 
2100 and 2400'F. Addition of Y a t  t h e  l e v e l  of 0 . 1  atomic percent prevents  t h e  
formation of continuous sflrface n i t r i d e  l aye r s ,  bu t  as shown i n  13C and 1 3 D ,  
some in t e rg ranu la r  n i t r i d a t  ion and p r e c i p i t a t i o n  of n i t r i d e  needles wi th in  
t h e  g ra ins  is  s t i l l  observed a t  each temperature. Increasing the  Y content 
t o  0.5 atomic percent ra3sults i n  a f u r t h e r  increase  i n  n i t r i d a t i o n  r e s i s t ance .  
In te rgranular  n i t r i d a t t o n  i s  v i r t u a l l y  e l iminated a t  2400°F, but as shown i n  
Figure 1 4 A ,  t h e r e  a r e  some n i t r i d e  needles evident and inc ip i en t  melting 
occurs a t  t h i s  temperature. The same melting behavior was also noted a t  
t h i s  concentrat ion of Y i n  C r  a l l o y s  with R e ,  Ru, and Co, a s  i l l u s t r a t e d  
earlier i n  Figure 9. The eutectic temperature of such Cr-rich a l l o y s  with 
Y is  thus below 2400'F and t h e  te rmina l  s o l u b i l i t y  of Y a t  t h e  eutectic is 
w e l l  below 0.5 atomic percent .  

S t ruc tu res  of t h e  a l l o y s  with the  t h r e e  most e f f e c t i v e . r a r e - e a r t h  solutes 
are shown i n  Figures 14B through 14D. The a l loy  with the  higher concent ra t ion  
of mischmetal, which c o n s i s t s  of 50% C e  p lus  approximately 25% Ea, 15% Nd, 
and 1% Pr by weight,  e x h i b i t s  very s l i g h t  i n t e rg ranu la r  a t t ack .  Additions 
of 0.5 atomic percent lanthanum or praseodymium t o  t h e  Cr-4PKo a l loy  completely 
prevent n i t r i d a t i o n  i n  24-hour a i r  exposure a t  2400'F. Some minor agglom- 
e r a t i o n  of t h e  second phase, which is  presumed t o  be r i c h  i n  the  r a r e  e a r t h  
metal ,  is observed i n  t h e  a l l o y s  with Pr  and mischmetal add i t ions ,  b u t  t h e  
Cr-Mo-La a l loy  is v i r t u a l l y  unchanged f r o m  the as-cast condi t ion.  N o  
evidence of i nc ip i en t  melting a t  2400'F w a s  detected i n  any of the  three 
a l l o y s .  

5 .7  Al te rna te  N i t r i d a t i o n  Inh ib i to r s  i n  Carbide-Containing Alloys 

A s  noted above, a ,  P r ,  and possibly mischmetal were found t o  be more 
e f f e c t i v e  n i t r i d a t i o n  i n h i b i t o r s  than Y i n  a Cr-4Mo matrix.  Based on these  
r e s u l t s ,  t h e  work was extended t o  more complex carbide-containing a l loys .  
Emphasis was placed on those containing t h e  ( Z r , T i ) C  d i spers ion ,  i n  which Y 
is  r e l a t i v e l y  e f f ec t ive , and  on a l l o y s  with CbC add i t ions ,  i n  which Y does 
not prevent rather rap id  r eac t ion  i n  a i r .  
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The first group of alloys containing various carbides and nitridation 
inhibitors are listed in Table 11 along with the oxidation test results. The 
alloys were drop cast from electrolytic Cr charges and then forged 50 to 75% 
at 2200'F. 
as-forged condition for 100 hours at 1500 and 2100'F and for 24 hours at 2400'F. 

Oxidation test specimens were cut, polished, and exposed in the 

In general, the alloys containing carbides plus gettering additions 
exhibited hardening of 50 to 100 points DPH near the surface at 1500°F, 
although no evidence of nitride-layer formation,was noted-at this temperature. 
Some intergranular oxidation occurred in the Cr-Tic-La alloy, and most show 
spalling oxides. 

At the higher temperatures, La appeared to be the most effective of the 
additions evaluated in preventing nitridation. The effects of only 0.2 atomic 
percent La in preventing nitridation at 2100 and 2400'F in the "standard" Cr-ZTC 
alloy are shown in Figure 15. Thick nitride layers were formed on the base 
Cr-ZTC alloy, while little or no nitridation occurred in the Cr-ZTC-0.2 La 
alloy. A concentration of Oq2% La was also effective in preventing nitridation 
in the Cr-Tic alloy, as shown in Figure 16, although the surface oxide was 
quite irregular. In the Cr-CbC alloy, additions of 0.2 La (or Pr) were not 
effective, but additions of 0 . 5  La resulted in significant improvement (as shown 
in Figure 16). 
Cr-CbC-0.2La was nearly identical in appearance to Figure 16B. It was not shown 
here because extensive cracking through the nitride layer into the matrix made 
it. impossible to obtain a satisfactory metallographic polish. 

Pr was similar to La in its effect on nitridation, and the 

In the binary Cr-La alloys, no evidence of incipient melting was detected 
at the level of 0.2 atomic percent La, but incipient melting did occur in the 
Cr-0,2% La alloy at 2100 and 2400OF. Available data on the Cr-La phase 
diagram indicate an eutectic temperature of about 1650 to 1700°F and the 
solubility of La at 2200'F is variously reported from 0.6 to less than 0.05 
atomic  percent@"^'^). 
the melting relationships, additional Cr-La alloys were produced from 
high-purity (iodide) chromium. Alloys containing 0.1 to 0.5 atomic percent 
in increments of 0.1 atomic pexent were drop cast, warm rolled at 1550°F, 
then annealed at 1650, 2000, and 2250'F. Metallographic examination indicated 
that the solubility of La in Cr is less than O , l % ,  in that a second phase was 
present in all alloys, and agglomeration of this phase occurred in all the 
alloys at the higher temperatures. Incipient melting occurred at 2000 and 
2250'F in alloys at and above a concentration of 0.2 atomic percent La. 

In order to better establish the solubility of La and 
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In  eva lua t ing  t h e  effect of La on t h e  s t r u c t u r e ,  t he  p u r i t y  of the 
s t a r t i n g  materials must be considered. It appears l i k e l y  t h a t  i n  t he  a l l o y s  
made from the  lower pu r i ty  C r ,  a large par t  of the La may be present  as 
i n t e r s t i t i a l  compounds, and thus  does not r e s u l t  i n  i nc ip i en t  mel t ing,  but  
is  s t i l l  e f f e c t i v e  i n  i n h i b i t i n g  n i t r i d a t i o n .  

In  an e f f o r t  t o  e s t a b l i s h  the  mechanisms through which La e x e r t s  its 
b e n e f i c i a l  effects on a i r  oxidat ion of C r ,  warm-rolled specimens of a binary 
Cr-O.2La a l loy  were r e c r y s t a l l i z e d  by annealing i n  vacuum a t  2100'F for  1 
hour ,  then e lec t ropol i shed  and exposed t o  a i r  a t  2100°F f o r  10 minutes,  
1 hour, 10 hours ,  and 100 hours.  The specimens were mounted and pol ished w i t h  
a 5 : l  taper such t h a t  an add i t iona l  5 x  magnif icat ion of the  surface s c a l e  and 
subscale was imposed upon t h e  opt ical  magnif icat ion selected for  examination. 
Taper sec t ions  after a i r  exposures of 1 hour and 100 hours a r e  shown i n  
Figure 17. No evidence of n f t r i d e  l aye r  was observed inzany of the mounts. 
After  the shorter t i m e ,  the  e appears t o  be some poros i ty  i n  the outer por t ions  
of the oxide,  bu t  tha t  c l o s e s t  t o  the  oxide-metal i n t e r f a c e  is q u i t e  dense 
and protrudes rather prominently i n t o  the matrix a t  more o r  less regu la r  
i n t e r v a l s .  These cusps do not appear t o  be assoc ia ted  wi th  g r a i n  boundaries,  
nor is there any evidence tha t  they are related t o  pre-exis t ing par t ic les  i n  
the matrix.  Af te r  100 hours at 2100°F, two d i s t i n c t  oxide phases are observed, 
wi th  much more poros i ty  evident  i n  t h e  outer scale. I n  most reg ions ,  the 
darker underlying oxide seems t o  be continuous,  bu t  there are areas i n  which 
t h e  l i g h t e r ,  porous oxide is i n  contac t  w i t h  t h e  matrix. Back reflection X-ray 
figwarm from t h e  scale(s) i n  each specimen y i e l d e d  only l i n e s  which could be 
indexed as s l i g h t l y  cont rac ted  C r a % ,  w i t h  a0 = 4.953A and co 1 13.584A. 
i n  e l ec t ron  microprobe scans of t h e  specimen exposed for  100 hours,  the  i n t e n s i t y  
of the La emission increased by a f a c t o r  of 15 t o  18 a t  t h e  pos i t i on  of t h e  
darker  phase i n  Figure ZPC. This suggests ,  but of course does not e s t a b l i s h ,  
that  formation of a complex oxide such as LaCrOd hae taken p lace  af ter  
100 hours ,  

Whatever the mechanism, i t  is c l e a r  t h a t  , as was shown f o r  
earlier work('@ ' * I ,  improves oxidat ion and n i t  
promoting an adherent s ca l e .  Those a l l o y s  which undergo extensive n i t r i d e  
formation during a i r  oxidat  ion exh ib i t  b l i s t e r i n g  o 
while those which resist n i t r i d a t i o n  invar iab ly  s h  
non-porous su r face  o r  subsurface oxides.  This be 
by assuming tha t  s o l u t i o n  of lanthanum OF yt t r ium 
the  surface s c a l e .  A t  temperatures near  1500°F, 
of d u c t i l i t y  i n  

da t ion  resist ance b 
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by d i s so lu t ion  of such elements. A t  t h e  higher  temperatures,  where oxide 
p l a s t i c i t y  i s  increased ,  t h e  s t rengthening  of t h e  oxide due t o  r a r e  e a r t h  
i n  so lu t ion  would become an advantage, i n h i b i t i n g  e x f o l i a t i o n  or b l i s t e r i n g  
of t he  scale. An a l t e r n a t i v e  argument might involve t h e  r e l a t i v e  k i n e t i c s  
of 1) formation of a more p ro tec t ive  subsca le ,  perhaps a complex oxide such as 
LaCrO, or YCrO,, which has  been observed by Hagel i n  oxidat ion products from 
a binary Cr-Y a l l o y ( 2 5 ) ;  and 2) i n t e r n a l  n i t r i d a t i o n  of La or Y. A t  1500°F, 
i f  t h e  l a t t e r  were more rap id  one would expect t h e  observed de t r imenta l  e f f e c t  
of high r a r e  e a r t h  conten ts .  A t  2000 t o  2200'F development of a subsurface 
f i l m  which i n h i b i t s  d i f fus ion  would preclude i n t e r n a l  hardening i n  high 
r a r e  e a r t h  a l l o y s  containing carb ide  d ispers ions  a s  is noted i n  t h i s  work, 
but not i n  compositions with l eve l s  t oo  l o w  t o  form the  complex oxide. 
This r a t i o n a l e  s u f f e r s  from t h e  requirement t h a t  t h e  rare e a r t h  must  be 
more r ead i ly  r e a c t i v e  with n i t rogen  than t h e  o the r  a l l o y  cons t i t uen t s  at 
intermediate  temperatures.  Thermodynamic func t ions  ind ica t e  t h a t  any of 
t he  Group IV-A or V-A n i t r i d e s  would form i n  preference t o  any known n i t r i d e  
of lanthanum or y t t r i u m .  

In  e i t h e r  case ,  i t  might be expected t h a t  some s t r u c t u r a l  changes would. 
occur i n  the  su r face  (or subsurface) s c a l e ,  e i t h e r  formation of a new phase 
or changes i n  t h e  l a t t i c e  cons tan ts  of Cr203, which should serve  t o  h e l p  
i d e n t i f y  t h e  r o l e  of t he  rare ea r th .  N o  unequivocal evidence of d complex 
oxide is  observed. There is no cons i s t en t  change i n  the  l a t t i c e  cons tan ts  of 
the  su r face  s c a l e  with r a r e  e a r t h  add i t ion  t o  t h e  a l l o y s ,  b u t  t h e  p o s s i b i l i t y  
of d i s so lu t ion  of small  amounts of lanthanum or y t t r i u m  i n  t h e  C r 2 0 3  is. not 
necessa r i ly  ru led  out s ince  such s o l u t i o n  might change the  s o l u b i l i t y  of o ther  
impur i t ies  i n  t h e  s c a l e .  It i s  a l s o  poss ib le  t h a t  t h e  r a r e  e a r t h  is  internAliy 
oxidized,  and Laa03 or Y203 p a r t i c l e s  which are formed promote adherence by 

of t he  present  program, considerably more work needs t o  be done t o  e s t a b l i s h  
t h e  mechanism(s) by which ra re-ear th  type addi t ions  a f f e c t  t h e  oxidation 
behavior of complex chromium a l loys .  
important cont r ibu t ion  t o  t h i s  understanding. 

keying" t h e  oxide,  a s  suggested by Fe l t en (26) .  Although beyond the  scbpe 11 

Recent s t u d i e s  by Seybol t (2  7 ,  make an 

5.8 Cr-Mo-La A l l o w  with Se lec ted  Carbides 

An add i t iona l  series of complex a l l o y s  containing 47% Mo, La, and var ious 
carb ides  was prepared and p a r t i a l l y  evaluated f o r  oxidat ion r e s i s t a n c e .  The 
chemical compositions a r e  given i n  Table 12 along w i t h  the  r e s u l t s  of a i r  
oxidat ion t e s t s .  An i n i t i a l  tes t  a t  2400OF was performed on as-cast  speciriens 
cu t  from t h e  drop cas t ings .  The drop cas t ings  were then sheathed i n  Mo and 
swaged a t  2400°F, but broke up badly. Sect ions of t h e  swaged a l l o y s  were 
sur face  condi t ioned and oxidized a t  2100'F f o r  100 hours. The specimens 
were i r r e g u l a r  i n  shape so t h a t  weight-change d a t a  could not be obtained.  
but subsurface r e a c t  ions were followed metal lographical ly  . Microstructures  
of s e v e r a l  of t h e  a l l o y s  a f t e r  t e s t i n g  a t  2100'F a r e  shown i n  Figure 18. 
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In gene ra l ,  t h e  a l l o y s  which contained carb ides  of Z r  or H f  exhib i ted  
good r e s i s t a n c e  t o  n i t r i d a t i o n  i n  both t h e  as-cast  and hot-worked condi t ions.  
The a l loys  which contained Cb or Ta carbides  exhib i ted  very poor oxidation- 
n i t r i d a t i o n  r e s i s t a n c e  i n  t h e  as-cast  condi t ion .  In  the  a l l o y s  containing 
CbC t h e  r e s i s t a n c e  apparent ly  decreased a s  the  La concentrat ion was increased 
from 0.3 t o  0 . 4  atomic percent .  In  the  wrought condi t ion ,  however, t he  
reverse  is  t r u e ,  apparently because working tends t o  break up the  continuous 
Cb-rich carb ide  f i lms i n  t h e  g ra in  boundary. The n i t r i d a t i o n  r e s i s t a n c e  of 
the  wnought Cr-4Mo-CbC-0.4La a l loy  appeared s i m i l a r  t o  t h a t  of t h e  Cr-CbC-0.5 
La a l loy  (compare Figures 16D and 1 8 D )  except for  some i n t e r n a l  oxidat ion 
i n  t h e  Cr-Mo composition. 

The r e s u l t s  obtained i n  these  series ind ica t e  t h a t  i n  complex a l loys  
containing Cb or Ta carb ides ,  an addi t ion  of from 0.3 t o  0 .5  atomic percent 
La is required t o  provide n i t r i d a t i o n  r e s i s t ance .  In  a l loys  containing 
carbides  r i c h  i n  Zr or Hf, 0 . 2  t o  0.3% La is  e f f e c t i v e .  The v e r i f i c a t i o n  of 
t h e  s u p e r i o r i t y  of La as a n i t r i d a t i o n  i n h i b i t o r  is considered t o  be p o t e n t i a l l y  
very important t o  t h e  design of improved chromium a l l o y s .  This f a c t o r  has 
been emphasized i n  Phases C and D of t h e  present  program, with only p a r t i a l l y  
successfu l  resu l t s  t h a t  w i l l  be presented i n  fol lowing sec t ions .  

5 .9  Combined Additions of La and Y t o  Cr-TaC Allovs 

Analysis of t h e  La-containing a l loys  l i s ted  i n  Tables 11 and 12 showed 
an average r e t e n t i o n  of 52% of t h e  amount of La charged i n  these  a r c  melted 
but tons.  However, a s  w i l l  be described i n  more d e t a i l  i n  t h e  discussion of 
consol ida t ion  techniques used i n  making l a r g e r  h e a t s ,  excessive r eac t ion  with 
the  ZrQa c ruc ib l e s  r e su l t ed  i n  r e s i d u a l  La l eve l s  of less than 0.1% i n  induct ion 
melted a l loys .  Since con t ro l l ed  r e t en t ion  of Y has proved t o  be more r ead i ly  
a t t a ined  i n  induct ion melt ing,  i t  was considered advisable  t o  inves t iga t e  the  
e f f e c t s  of combined addi t ions  of Y and La on r e s i s t a n c e  t o  n i t r i d a t i o n .  A 
base composition containing atomic concentrat ions of .6% Ta and 0.4% C ,  which 
i s  q u i t e  heavi ly  a t tacked by ni t rogen a t  2100'F when addi t ions  of Y alone 
a r e  employed, was s e l e c t e d  f o r  t h i s  study. Alloys w e r e  prepared by a r c  
melting and drop c a s t i n g  a s  60 gram cyl inders  and 
condi t ion.  R e s u l t s  a r e  summarized i n  Table  13. 

Combined addi t ions  of Y and Ea ,  although not 
of 0 .3  and 0.4% La alone i n  preventing subsurface 

were t e s t e d  i n  t h e  as-cast  

as e f f e c t i v e  a s  concentrat ions 
a t t a c k  during exposure t o  

a i r  a t  2100°F, a r e  near ly  as b e n e f i c i a l  a t  t h e  combined l e v e l  of 0.2 t o  
0.4%. Furthermore, i f  t h e  La content i n  t h e  combined addi t ion  is r e s t r i c t e d  
t o  0.2% or below, t h e  inc ip i en t  melting noted a t  t h i s  temperature i n  carbide- 
containing a l l o y s  with higher La concentrat ions appears t o  be el iminated or 
a t  l e a s t  g r e a t l y  reduced, These observat ions were subsequently employed 
i n  Phases C and D of t he  work on l a rge r  hea t s .  
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6. EXPERIMENTAL RESULTS -- INDUCTION-mLTED ALLOYS 

6 . 1  Consolidation 

Some 60 a l loys  w e r e  produced i n  t h i s  series i n  th ree  separa te  phases. 
Analyses of r a w  materials used i n  melting t h e  a l loys  a r e  shown i n  Table 14. 
A l l  of t h e  induction melted hea ts  were made from t h e  hydrogen-reduced 
e l e c t r o l y t i c  f l ake .  The ana lys i s  shown is the  average of f i v e  separa te  
l o t s  of f l a k e  employed i n  t h i s  work, a l l  of which had very closely s i m i l a r  
chemistr ies .  The maximum v a r i a t i o n  w a s  noted i n  t h e  i ron  con ten t ,  which var ied  
between 20 and 120 ppm, and i n  the  carbon which ranged between 30 and 80 ppm- 
The iodide chromium descr ibed i n  Table 14 w a s  used only i n  t h e  preparat ion of 
wrought high-purity unalloyed chromium by ex t rus ion  and swaging of s teel-  
sheathed c r y s t a l s  and i n  preparing several pounds of a Cr -35Re  a l loy  by arc  
melting and drop c a s t i n g  followed by rod r o l l i n g  and swaging. 

I n  t h e  i n i t i a l  phases of t he  induct ion melting work,four-pound a1 loy 
charges w e r e  melted i n  a 50 KW Stokes vacuum induct ion furnace with a capaci ty  
f o r  50-pound hea ts .  
induct ion c o i l ,  with coarse  ZrOz g r i t  serving t o  in su la t e  t h e  cruc-ible f ron  
t h e  c o i l  assembly. The bi-iquetted charges which contained 0.3% E and 
non-reactive s o l u t e s  such as Mo and W were loaded i n t o  t h e  c ruc ib l e  and the  
remainder of t h e  Y (0 .1 t o  0.4% depending on t h e  des i red  r e s i d u a l  l eve l )  
plus a l l  react ive s o l u t e s  such as carbon and Group IV-A and V-A metals were 
placed i n  a charging t r a y  f o r  addi t ion  t o  t h e  m e l t  la ter  i n  t h e  cycle, Tne 
furnace w a s  then evacuated t o  about loe3 torr. 
of 1.5 f 0.5  KW was appl ied t o  t h e  induct ion c o i l ,  r a i s i n g  t h e  charge 
temperature t o  1200-1400°F, with t h e  in t en t ion  of f a c i l i t a t i n g  removal of 
water vapor and o ther  adsorbed gases.  After  t h i s  i n t  ermediate-t epperdture 
outgassing t rea tment ,  t h e  power t o  t h e  c o i l  was shut  o f f  and the  vdcuum 
sys t em continued t o  operate  u n t i l  t h e  heat  w a s  scheduled t o  be rr.elted, w h i c h  
was usua l ly  planned f o r  the  morning following t h e  chdrging of t h e  furnace 
during t h e  previous afternoon. 

A Y,O3-stabi1ized ZrOz c r u c i b l e  was packed ins ide  t h e  

A t  t h i s  point a power c e t t i n g  

Pressure i n  the  furnace chamber w a s  reduced t o  a t  least  t o r r  b y  t n i c  
p r a c t i c e ,  with a leak ra te  of 6 & 2 x lo-* t o r r  per  minute measured j u s t  b t f o r c  
beginning the  melting cycle .  In i t ia .1  hea t ing  w a s  performed under V B C U U F ,  

u n t i l  t h e  charge temperature reached about 200OOF. Pur i f i ed  argon was then 
admitted t o  t h e  chamber t o  a pressure of 650-700 m m ,  and t h e  remainder of 
t h e  melting and cast ing c y c l e  w a s  conducted i n  t h i s  i n e r t  atmosphere t o  reduce 
vaporizat ion of chromium. Power w a s  increased t o  15-18 KW u n t i l  t h e  charge 
was completely molten, which required 8 t o  10 minutes from t h e  t i m e  argon w a s  
introduced. Af te r  mel t ing,  t he  power was reduced t o  11 rt 1 H(w, r e s u l t i n g  ir. 
a s t a b l e  superheat of 100 t o  150°F. When t h e  charge had been molten for 
15 m i n u t e s ,  t h e  remainder of t h e  y t t r ium and any o ther  r eac t ive  s o l u t e s  i n  
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t h e  p a r t i c u l a r  a l l o y  were added from t h e  charging t r a y  a f t e r  r a i s i n g  t h e  
power s e t t i n g  t o  break t h e  s l a g  cover on the  top  of t h e  melt. Each m e l t  
was then s t i r r e d  by rap id  cyc l ing  between power s e t t i n g s  of 12 and 20 gW, 
held for an add i t iona l  4 t o  5 minutes,  and cast with power on. 

Charges were c a s t  i n t o  copper molds f i t  wi th  2-1/8" diameter CaD-stabil ized 
Zr% mold l i ne r s .  These ceramic l i n e r s  a r e  necessary t o  prevent s o l i d i f i -  
ca t ion  cracks which occur i n  a l l  but t h e  most d i l u t e  C r  a l l oys  upon c a s t i n g  
d i r e c t l y  i n t o  copper c h i l l  molds. I f  allowed t o  f r eeze  i n  such molds with 
no hot-topping prac t iced ,  very ex tens ive  shrinkage occurs i n  c a s t  C r  a l loys .  
In  order  t o  prevent t h i s  severe  p ipe ,  t h e  i n i t i a l  ca s t ings  described here  
were arc-hot-topped by u s e  of a r e t r a c t a b l e  tungsten e l ec t rode  mounted i n  
the  top  of t h e  furnace chamber, t h e  l i p  of t he  mold l i n e r  having been notched 
t o  an appropr ia te  depth t o  provide e l e c t r i c a l  contac t  between the  m e l t  and 
t h e  copper mold. A t  a p o t e n t i a l  of 25 f 5 v o l t s ,  an arc cur ren t  of 500 amps 
was employed f o r  30 t o  45 seconds immediately af ter  pouring and then was 
gradual ly  reduced t o  about 50 amps before  a rc  ex t inc t ion .  This procedure 
r e su l t ed  i n  sound, crack-free ingots  of approximately 3.5" height  with very 
shallow shrinkage c a v i t i e s .  However, h e a t s  produced i n  t h e  manner described 
above were badly contaminated by oxygen, with as much a s  0.3% oxygen analyzed 
i n  one hea t .  Subsequent examination and r ev i s ion  of t h e  melting technique 
revealed t h a t  t he  contamination r e s u l t e d  from a combination of s e v e r a l  
f a c t o r s .  

A l a rge  number of chromium a l loys  have been induct ion melted and c a s t  i n  
t hese  l abora to r i e s ,  using similar techniques,  a s  hea t s  ranging i n  s i z e  from 
10 t o  100 pounds. I n t e r s t i t i a l  impurity l eve l s  i n  these  earlier a l loys  w e r e  
w e l l  below t h e  l i m i t  of 300 ppm t o t a l  which w a s  spec i f i ed  f o r  t h e  present  
program. For example, t h e  average oxygen and n i t rogen  conten ts  of 15 hea t s  
of C-207 and d i r e c t l y  r e l a t e d  compositions were, r e spec t ive ly ,  83 and 54 ppm. 

In t h e  present  series of a l l o y s  the  gas conten ts  of t h e  s t a r t i n g  
ma te r i a l s ,  u l t i m a t e  vacuua and leak  rates i n  t h e  melting chamber, and pu r i ty  
of the  i n e r t  gas introduced during melting were each equal  or super ior  t o  
those i n  p r i o r  work. Crucibles  and mold l i n e r s  were a l s o  of t h e  same type  
employed successfu l ly  i n  t h e  e a r l i e r  hea t s .  Although these  f a c t o r s  d id  not 
appear t o  be involved i n  t h e  d r a s t i c  contamination experienced i n  i n i t i a l  
mel t ing,  they were not ignored i n  the  sequence of rev ised  melts which were 
made t o  i d e n t i f y  and correct the  source(s)  of oxygen pickup. 
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6.1 .1  Revised Melting Techni'ques 

Duplicate re -ana lys i s  of t he  gas conten ts  of t h e  l o t s  of chromium and 
y t t r i u m ,  which a r e  t h e  only two elements common t o  each of t h e  contaminated 
hea t s ,  gave t h e  following results:  

Materia 1 Gas Content (ppni) 

H - N - 0 - 
Chromium Flake 49 86 1 
Y t t r i u m  Sponge 73 0 10 25 

Since the y t t r i u m  and o the r  minor a l loy ing  elements shown previously i n  
Table 14 were added i n  concentrat ions of less than 1 weight percent ,  t h e  
oxygen input from these  sources amounts t o  only a f e w  p a r t s  per  mi l l ion  and 
cannot account for t h e  observed contamination. Sampling of the  p u r i f i e d  
argon showed a maximum oxygen content  of about 5 ppm. In the  furnace chamber 
with a volume of 95 cubic  feet ,  t h e  impur i t ies  i n  the argon could thus  add 
less than 15 ppm oxygen t o  t h e  4-pound a l loy  charges.  

A number of other f a c t o r s  connected w i t h  mel t ing and c a s t i n g  p r a c t i c e  
were considered a s  p o t e n t i a l  sources of oxygen contamination. These a r e  
l i s ted  below: 

The a r c  hot-topping of t he  ingots  immediately a f t e r  ca s t ing .  

Intermediate-temperature bake out of t h e  c r u c i b l e  and br ique t ted  
charge a t  1300 f 100°F under a vacuum of lo'* t o  t o r r .  

Possibly excessive superheat during the  s t i r r i n g  cyc le  a f t e r  
adding r e a c t i v e  so lu t e s .  

Contamination from t h e  i n e r t  gas l i n e s ,  which were blanked off 
during leak rate determinations.  

Increased r eac t ion  of t h e  m e l t  w i t h  t he  Y2Q3-stabil ized ZrQ, 
c ruc ib l e  due to the  l a rge r  su r face  area-to-volume r a t i o  i n  t h e  
smaller  hea t s  of t h i s  work, or t o  an inherent  i n s t a b i l i t y  i n  t h e  
p a r t i c u l a r  crucibles employed. 

Reaction with t h e  CaD-stabi l ized mold l i n e r ,  which might be 
acce lera ted  by a r c  hot  topping. 

I n s u f f i c i e n t  y t t r i u m  i n  t h e  charge f o r  complete deoxidation. 

An undetected leak ,  or o the r  source of oxygen, i n  the  furnace 
chamber. 
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A series of melts w a s  designed t o  sepa ra t e  t h e  effects of each of the 
foregoing f a c t o r s  on t h e  oxygen contents  of t h e  r e s u l t a n t  ingots .  Only 
carbon-free a l l o y s  were used i n  t h e  sequence of hea t s  t o  be described below, 
s ince  those a l loys  i n  t h e  contaminated series which contained carbon 
addi t ions  were p a r t i a l l y  deoxidized with r e s i d u a l  oxygen l e v e l s  of about 
800 ppm. In t h e  f i r s t  group of rev ised  h e a t s ,  a l l o y s  which contained 0.3% Y 
i n  t h e  b r ique t t ed  charge were melted i n  t h e  50-pound furnace u s i n g  crucibles  
and mold lhners  from t h e  same l o t s  employed i n  t h e  contaminated series. The 
f irst  four  f a c t o r s  i n  t h e  l ist  above--arc hot topping, vacuum bake o u t ,  
superheat ,  and t h e  in t roduct ion  of argon--were va r i ed  i n  t h i s  group. As i n  
t h e  contaminated al loys,  samples for  vacuum fus ion  ana lys i s  were taken from 
center  loca t ions  a t  depths of 3/8 f 1/8” from the surfaces. 
i n  melting p r a c t i c e  and gaseous impurity conten ts  of t h e  ingots  a r e  shown i n  
Table 15. 

Spec i f i c  va r i a t ions  

I t  is  clear from these  da ta  t h a t  t h e  major por t ion  of t h e  oxygen contamin- 
a t i o n  was caused by t h e  intermediate-temperature (1200-1400°F) bake o u t  of the 
crucible and br ique t ted  charge which had.been employed i n  a l l  of t h e  contaminated 
series. Elimination of t h i s  s t e p  r e s u l t e d  i n  a four- t o  f ive- fo ld  decrease i n  
the  oxygen content .  
argon appeared t o  inf luence  t h e  f i n a l  oxygen l eve l .  Some ind ica t ion  of 
improvement was noted i n  t h e  heat  i n  which both t h e  bake-out cycle and the  
arc hot-topping p r a c t i c e  were dropped, b u t  t h e  combined i n t e r s t i t i a l  conten ts  
i n  each of t h e s e  hea t s  were s t i l l  50 t o  100% above acceptable  l i m i t s .  

Nei ther  t he  degree of superheat nor  t h e  in t roduct ion  of 

R e s u l t s  t o  t h i s  point  i nd ica t ed  t h a t  t h e  remaining oxygen contamination 
was due t o  i n t e r a c t i o n  with t h e  crucibles and molds or with t h e  furnace environ- 
ment. In  e i t h e r  case ,  t h e  degree of contamination would be expected t o  be 
considerably g r e a t e r  i n  t h e  4-pound hea ts  used here  than i n  t h e  l a r g e r  hea t s  
of a l l o y s  melted i n  previous programs, most of which were prepared from charges 
of 12 t o  15 pounds. The l a r g e r  su r face  area-to-volume r a t i o s  i n  t h e  smaller  
diameter crucibles  and mold l i n e r s  used here would magnify t h e  e f f e c t s  of any 
r eac t ion  with t h e  Z r O a ,  and t h e  lower volume of molten metal  exposed t o  t h e  
furnace atmosphere of a given impurity l e v e l  would also r e s u l t  i n  a g r e a t e r  
i m p u r i t y  concentrat ion i n  t h e  ingot .  On t h e  o the r  hand, oxygen p ick  up from 
e i t h e r  one or both of t hese  poss ib le  sources  might be reduced t o  acceptable  
l e v e l s  by increas ing  t h e  y t t r i u m  content  i n  t h e  i n i t i a l  charge t o  promote 
f u r t h e r  deoxidation by s l a g  formation. In  order t o  separa te  these f a c t o r s ,  a 
second group of a l l o y s  were melted and cast i n  t h e  50-pound furnace used i n  a l l  
induction melting work t o  t h i s  po in t  and i n  a smaller lab furnace (MRC 
2551) with a maximum capac i ty  of 15 pounds and a chamber volume of 10 c 
feet .  No intermediate-temperature bake ou t  was used and t h e  ingots  were not 
a r c  hot topped. Y t t r i u m  contents  i n  t h e  b r ique t t ed  charges were var ied  f r  
0.3 t o  0.5%, and h e a t s  were c a s t  i n t o  copper molds w i t h  and without t h e  Ca 
s t a b i l i z e d  ZrOa mold l i n e r s .  
conten ts ,  t h e  approximate y t t r ium and zirconium l e v e l s  of each heat were 
determined by comparing i n  X-ray emission t h e  r e spec t ive  i n t e n s i t i e s  of #a, 
l i n e s  with those  from similar chromium alloys of known yt t r ium and zirconium 

In add i t ion  t o  vacuum fus ion  ana lys i s  f o r  gas  
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contents .  Since none of t h e  a l l o y s  contained any i n t e n t i o n a l  zirconium 
addi t ion ,  i t s  concentrat ion i n  t h e  ingot  is ind ica t ive  of t h e  degree of 
i n t e r a c t i o n  with ZrG crucibles and/or l i n e r s .  Average resu l t s  from c a s t  
samples taken a t  depths of 3/8 f 1/8" from t o p  and bottom su r faces  of ingots  
i n  t h i s  series are presented i n  Table 16. With t h e  one exception noted,  
ind iv idua l  analyses var ied  from the  averages by no more than f 20%. 

Although e l imina t ion  of t h e  a r c  hot-topping s t e p  and increasing t h e  
y t t r i u m  content  of t h e  charges r e s u l t e d  i n  a f u r t h e r  reduct ion i n  the oxygen 
l e v e l  of hea t s  melted i n  the  l a rge r  furnace ,  t he  r e s u l t s  were s t i l l  unsa t i s -  
fac tory .  Some i n t e r a c t i o n  with t h e  s tabi l ized Z r G  c ruc ib l e s  has  occurred i n  
each melt ing f a c i l i t y ,  b u t  t h e  important f a c t o r  appears t o  be the furnace 
environment i t se l f .  A l l  t h e  a l loys  melted i n  t h e  15-pound furnace,  which has  
a chamber volume near ly  10 times smaller than t h a t  of t h e  50-pound furnace,  
have combined i n t e r s t i t i a l  impurity conten ts  w e l l  below t h e  l i m i t  of 300 ppm. 
This  smaller  furnace w a s  used exc lus ive ly  i n  rep lac ing  t h e  a l l o y s  which were 
contaminated i n  t h e  i n i t i a l  series of melts, and i n  a l l  the rest of t h e  work 
described i n  t h i s  r epor t .  

F i n a l l y ,  the  data i n  Table 15 ind ica t e  t h a t  t he  r e t a ined  y t t r ium contents  
more near ly  approach. t h e  intended values  with i n i t i a l  charge addi t ions  of 0.4%. 
This concentrat ion was employed i n  t h e  a l l o y s  m e l t e d  and processed t o  rep lace  
those which were contaminated by the  earlier melting p r a c t i c e ,  and i n  a l l  
subsequent a l l o y s  i n  which a residual  y t t r i u m  l e v e l  was des i red .  

In  t h e  l a t t e r  phases of t h e  work a f t e r  t h e  b e n e f i c i a l  e f f e c t s  of lanthanum 
on oxidat ion and n i t r i d a t i o n  behavior had been e s t ab l i shed  on arc-melted but tons ,  
as described i n  Sec t ions  5.6 through 5.8,  it w a s  found t o  be impossible t o  
r e t a i n  s u f f i c i e n t  amounts of t h i s  element i n  l a r g e r  induction-melted hea t s .  
Additions of La as high a s  1.8%, with two-thirds of the  t o t a l  i n  t h e  b r ique t t ed  
charge and t h e  remaining t h i r d  added s h o r t l y  before c a s t i n g ,  r e s u l t e d  i n  r e s i d u a l  
La conten ts  below 0.06%. Analysis of t h e  c r u c i b l e  and s k u l l  a t  t h e  l i q u i d  
i n t e r f a c e  l i n e  revealed a high La content  (g rea t e r  than 5%) and ana lys i s  of t h e  
s l a g  entrapped i n  t h e  tundish showed a high concent ra t ion  of Z r  (0.3 t o  0.6%). 

is assoc ia ted  with i ts  high r e a c t i v i t y  with the  Z r g  c ruc ib l e .  There was a l s o  
v io l en t  su r f ace  r eac t ion  i n  t h e  melt when t h e  elemental  La was changed. A t  
t h i s  point  t h e  series of a l l o y s  with combined addi t ions  of La p lus  Y ,  described 
e a r l i e r  i n  Sec t ion  5 . 9 ,  was prepared and evaluated.  Since t h e  r e s u l t s  were i n  
genera l  favorable ,  t h e  remaining a l l o y s  i n  Phases C and D were prepared with 
such combined add i t ions  of n i t r i d a t i o n - i n h i b i t i n g  elements. I n  order  t o  bet ter  
con t ro l  t h e  addi t ion  of La, t h e  hea ts  were f i r s t  deoxidized by 0 . 4  weight percent 
Y i n  t h e  b r ique t t ed  charge,  adding a small  add i t iona l  amount of Y (0.1 t o  0.15%) 
with t h e  r e a c t i v e  dispersion-forming s o l u t e s ,  and f i n a l l y  adding La t o  the m e l t  
30 t o  45 seconds before  pouring. A s  a means of f u r t h e r  reducing the  sur face  
r eac t ion ,  t h e  La was encased i n  a Mo envelope such t h a t  t h e  dens i ty  of t h e  
composite exceeded t h a t  of the molten a l loy .  The La was thus  immersed i n  the 
m e l t  r a t h e r  than suspended on t h e  sur face .  

< These results ind ica ted  t h a t  t h e  i n a b i l i t y  t o  increase  t h e  r e t a ined  La content  I .  
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Each of t h e  4-pound hea t s  c a s t  d i r e c t l y  i n t o  copper molds w i t h  no 
ceramic l i n e r s  contained s o l i d i f i c a t i o n  cracks. Those cast i n t o  Zr% mold 
l i n e r s  and allowed t o  freeze without ex te rna l  hot  topping were free of these 
cracks ,  bu t  had shrinkage c a v i t i e s  which extended 2 inches or more below 
the surfaces. In  order t o  produce sound ingots  of s u f f i c i e n t  s i z e  for  t h i s  
program, it w a s  t he re fo re  necessary t o  increase  t h e  charge weight t o  7 pounds, 
extend t h e  depth of the  mold accordingly,  and discard, t h e  port ion of t h e  ingot 
which conta ins  t h e  pipe.  Briquet ted charges containing 0.4% Y were melted 
under condi t ions described previously,  except ,  of course,  t h a t  n e i t h e r  
intermediate  temperature bake-out t reatments  nor arc hot-topping techniques 
were employed. 
provided with ZrC& l i n e r s ,  t h e  upper 3" of which is  of 1" wa l l  thickness  t o  
delay f reez ing '  i n  t h e  hot top.  

The heats were cast through ZrC& tundishes  i n t o  copper molds 

6.1.2 S t ruc tu re  and Analvsis of Castings 

Microstructural c h a r a c t e r i s t i c s  which a r e  r ep resen ta t ive  of t he  three 
genera l  l e v e l s  of pu r i ty  produced i n - s i m i l a r  a l l o y s  by va r i a t ions  i n  t h e  
melting p r a c t i c e  are i l l u s t r a t e d  i n  Figure 19. The gross ly  contaminated 
a l l o y s  i n  t h e  i n i t i a l  series a l l  contain numerous, rather massive oxide 
p a r t i c l e s  such as those shown f o r  t h e  C I - 6  composition i n  Figure 19A. Elimin- 
a t ion  of t h e  intermediate  temperature bake-out cyc le  reduced t h e  oxygen content  
t o  about 500 f 100 ppm, but  t h i s  concentrat ion is s t i l l  considerably above the  
s o l u b i l i t y  l i m i t ,  a s  shown by the  example i n  Figure 19B. S t r u c t u r e s  of t h e  
low-oxygen a l l o y s  a r e  dependent on t h e  r e s i d u a l  y t t r ium content .  Alloy C I - 7 A ,  
with a r e t a ined  y t t r ium l e v e l  of approximately . l o % ,  is free of oxide p a r t i c l e s  
and shows only isOlated evidence of an in t e rg ranu la r  phase. The C I - 5 B  a l l o y ,  
which conta ins  near ly  twice as much y t t r ium,  is  s t r u c t u r a l l y  similar t o  CI-TA 
i n  t h a t  oxide p a r t i c l e s  a r e  v i r t u a l l y  absent ,  b u t  t h e  grain-boundary phase is 
much more pronounced. Electron microprobe traces across g ra in  boundaries of 
cast and etched samples showed a s i g n i f i c a n t  b u t  v a r i a b l e  decrease i n  both 
chromium (5 t o  15%) and molybdenum (2 t o  5%) compared t o  t h e i r  concentrat ions 
i n  t h e  matr ix ,  b u t  t h e r e  w a s  only very s l i g h t  increase  i n  y t t r i u m  i n t e n s i t y .  
Scans of t h e  e n t i r e  spectrum of wave lengths  emi t t ed  from such in t e rg ranu la r  
regions were conducted on the  premise t h a t  t h i s  phase could  be based on some 
low melting me ta l l i c  impuri ty ,  but only chromium, molybdenum, and y t t r ium w e r e  
detected.  Since it w a s  considered poss ib le  t h a t  t h i s  i n t e rg ranu la r  phase is 
yt t r ium-rich but t h a t  it was rap id ly  a t tacked  by t h e  l i g h t  e tch ing  employed i n  
sample prepara t ion ,  experiments were cepeated both i n  t h e  unetched condi t ion  and 
a f t e r  short-time a i r  exposure of t h e  specimens t o  convert  any y t t r ium i n  t h i s  
phase t o  t h e  oxide and thereby r e t a i n  i ts  d i s t r i b u t i o n .  Microprobe t r a c e s  i n  
each condi t ion showed very high > 50%) concent ra t ions  of Y i n  t r i p l e  po in ts  
such a s  t h a t  on t h e  r i g h t  s i d e  of t h e  photomicrograph i n  Figure 19p. 
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Nominal compositions of a l l  t he  a l loys of Phases A,  C ,  and D are 
presented i n  Table  17, which also includes analyzed gas ,  y t t r ium,  lanthanum, 
and zirconium contents  a In  a l l o y s  which conta in  no i n t e n t i o n a l  zirconium 
add i t ion ,  t h e  la t ter  ana lys i s  is i n d i c a t i v e  of t h e  degree of r eac t ion  of t h e  
m e l t  wi th  the  s t a b i l i z e d  ZrC& crucibles and mold l i n e r s .  In  gene ra l ,  pickup 
of only a few hundred ppm Z r  occurred. Gaseous impur i t ies  are w e l l  below the  
l i m i t  of 300 ppm established fo r  t h i s  program. Revisions i n  t h e  melting and 
cas t ing  p r a c t i c e  described above e f f e c t i v e l y  el iminated t h e  d r a s t i c  contamin- 
a t i o n  experienced i n  t h e  first series of h e a t s  of t hese  a l loys .  Y t t r i u m  o r  
y t t r ium p lus  lanthanum r e t e n t i o n  is  genera l ly  wi th in  t h e  intended range, b u t  
i n  a f e w  ins tances  very l o w  r e s i d u a l  l e v e l s  were recorded. This  behavior,  
which p a r a l l e l s  earlier experience(se1o) , r e f l e c t s  t h e  high r e a c t i v i t y  with 
impur i t ies  such as oxygen and is assoc ia ted  wi th  d i f fe rences  i n  s l a g  formation 
from hea t  t o  hea t .  

Cast mfcrostructures  of s eve ra l  a l loys are shown i n  Figure 20. The com- 
pos i t ion  of t he  "Kromic" ac id  e tchant  is  as follows: 

"Kromic" Acid E l e c t r o l y t i c  Etchant 

100 m l  
50 m l  KOH 

H3 Po4 40 m l  

Ha% 

%Fe (CN), 50 g 
Hgcao4 20 g 
K4Fe (CNIB 3%0 5 g  

Used at  8 f 3 v o l t s  a t  a cur ren t  dens i ty  of 2 t o  3 amps/cn?. 

The C I - 1  a l l o y  is r ep resen ta t ive  of t h e  Cr-Y and Cr-M-Y series where 
M is a non-reactive s u b s t i t u t i o n a l  solute  such as Mo o r  W .  In  such a l l o y s  
i so l a t ed  in t e rg ranu la r  p a r t i c l e s ,  presumably Y-rich by analog t o  a l loy  CI-5B 
discussed above, are observed and t h e r e  is  some in t e rg ranu la r  p i t t i n g ,  as 
shown i n  FigureZOA. The Cr-4Re-.lY a l loy  i n  Figure 20B exh ib i t s  i n  addi t ion  
a semi-continuous grain-boundary phase i n  some areas .  Since t h i s  R e  con- 
cen t r a t ion  is  far  below t h e  s o l u b i l i t y  l i m i t  and t h e  r e s i d u a l  Y content  is  
q u i t e  low, it  is poss ib le  t h a t  t h i s  phase is a complex oxide r i c h  i n  R e .  The 
suggestion of e u t e c t i c  f reez ing  a t  t h e  t r i p l e  point  shown would tend t o  support  
t h i s  p o s s i b i l i t y .  

Alloys with t h e  s tandard  ZTC (Zr-Ti-C) addi t ion  have the  appearance 
i l l u s t r a t e d  i n  Figure 2OC. An in t e rg ranu la r  carb ide  network, which previous 
work(4*8e10) has shown t o  be r i c h  i n  Z r C ,  is formed upon s o l i d i f i c a t i o n .  A 

29 



much 1'iner carb ide  d ispers ion ,  r i c h  i n  TIC, p r e c i p i t a t e s  throughout t h e  
matrix during cool ing.  Alloys which contain as t he  carb ide-s tab i l iz ing  
addi t ion  only Z r  and/or Hf, each of which has  rather r e s t r i c t e d  s o l u b i l i t y  
i n  chromium, exh ib i t  the  same type of in te rgranular  network but form only a 
few f i n e l y  dispersed carb ides  i n  t h e  as-cast condi t ion ,  a s  shown i n  Figure 20D. 

Carbide-containing a l loys  t h a t  have more highly s t a b i l i z i n g  
addi t ions such as T i ,  Cb, or Ta have much less pronounced in te rgranular  ne t -  
works and a l s o  form a more genera l  in t ragranular  d i s t r i b u t i o n  of f i n e  carb ides ,  
as  shown i n  Figures 20E and 20F. It w i l l  be shown i n  following sec t ions  tha t  
t h e  s t r eng ths  of such a l loys  are considerably higher  than those which conta in  
only Z r C  or H f C  addi t ions .  

6.2 Processing 

After  g r i t  b l a s t ing  t o  remove remnants of t h e  Zr% mold l i n e r ,  each of 
t he  ingots  w a s  cropped by power hacksaw a t  t h e  junc t ion  w i t h  t h e  hcjt top.  
P r io r  t o  ex t rus ion  t h e  ingots  were encased i n  p ro tec t ive  cans w i t h  an OD of 
2.06". The d i l u t e  a l l o y s ,  those  which contained no major s u b s t i t u t i o n a l  
s o l u t e s ,  were canned i n  mild s tee l  and t h e  remainder i n  molybdenum. They 
were machined from as-cast diameters of 2.2 f *l" t o  b i l l e t  diameters of 1 .9  
f .05" ,  t h e  exact dimensions being governed by t h e  I D  of t h e  can. Lids w e r e  
welded t o  t h e  cans by the  tungsten are process i n  a vacuum-purged chamber 
back-f i l led with high pu r i ty  helium, then t h e  cans w e r e  evacuated and sea led  
by e l ec t ron  beam welding. 

A l l  of t h e  a l loys  were extruded from 2.13" diameter containers  through 
0.75" diameter d i e s .  A summary of t h e  ex t rus ion  da ta  is presented i n  Table 
18. Heating was performed i n  an induct ion u n i t  under a pro tec t ive  atmosphere 
of argon. The canned b i l l e t s  were soaked for 10 minutes a t  temperature,  then 
t r ans fe r r ed  t o  t h e  conta iner  of a 1250 ton  hydraul ic  press  (Lowey Hydropress) 
with handling times of 10 t o  15 seconds. Lubricants w e r e  powdered g l a s s  plus  
a mixture of necro l ine  and graphi te .  The t o o l  s teel  d i e s  were flame sprayed 
with ZrOz t o  reduce wash and extend t h e i r  u se fu l  l i ves .  Sol id  graphi te  back- 
up block w e r e  i n se r t ed  behind the  b i l l e t s  t o  reduce t h e  ex ten t  of t h e  extrusion 
defec ts  i n  t h e  t r a i l i n g  ends. Inspect ion of t h e  extruded s tock  w a s  performed 
by radiographic and f luorescent  penetrant techniques e Otner than minor nose 
b u r s t s  and t h e  t y p i c a l  t r a i l i n g  end d e f e c t s ,  no i n t e r n a l  flaws w e r e  de tec ted ,  
except as noted. 

Processing t o  f i n a l  dimensions was accomplished by swaging. T h e  general  
procedure i n  swaging t o  0.25" diameter involved c a r e f u l  inspect ion of individual  
3" lengths of ex t rus ion  by macroetching, f luorescent-dye penet ran t ,  and i n  some 
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cases ,  metallographic techniques t o  ensure sound s t a r t i n g  mater ia l .  I n i t i a l  
swaging of the  b i l l e t s ,  with the  p ro tec t ive  j acke t  i n t a c t  , was performed 
a t  temperatures ranging from 150 t o  250'F below t h e  ex t rus ion  temperature,  
t h e  smaller temperature reductions being used f o r  t h e  more complex a l loys .  
Heating was done i n  molybdenum-wound tube furnaces  under a p ro tec t ive  
atmosphere of flowing hydrogen. The b i l l e t s  were f i r s t  soaked a t  the  h ighes t  
temperature t o  be employed i n  swaging f o r  10 t o  15 minutes t o  provide some 
r e l i e f  of r e s i d u a l  stresses from ext rus ion  and sec t ion ing .  Af te r  t h e  f i r s t  
reduct ion by swaging, subsequent hea t ing  between passes was l i m i t e d  t o  3 t o  5 
minutes and any cracks  which w i r e  observed during working were cropped while 
t h e  material was s t i l l  h o t ,  using a high speed cut-off wheel. The bar  s tock  
was reduced t o  approximately .47" diameter under t hese  condi t ions ,  then 
s t ra ightened  i n  long s t roke  d i e s ,  and given a sho r t  stress r e l i e f  a t  t h e  
swaging temperature.  

F in ish  swaging t o  0.25" was conducted a t  1900'F f o r  Cr-Y and r e l a t e d  

Some 
a l l o y s , a t  2050 f 50'F f o r  t h e  d i l u t e  carbide-  o r  boride-containing a l l o y s ,  and 
wherever poss ib l e  at 2200 f 50'F f o r  t h e  more complex compositions. 
s ec t ions  of t h e  l a t t e r ,  because of ex tens ive  cracking a t  2250'F, had t o  be 
f i n i s h  swaged a t  somewhat higher  temperatures b u t  a l l  a l l o y s  were worked t o  
f i n a l  dimensions below 2400'F. 

6.2.1 S t ruc tu re  and Hardness 

Microstructures  of t y p i c a l  compositions i n  t h e  f i n a l  wrought ccndi t ion  are 
shown i n  Figure 21. The Cr - . lOY a l l o y  C I - 1  shows a considerable  amount of 
polygonization and some evidence of r e c r y s t a l l i z a t i o n  a f t e r  swaging a t  1900'F. 
The high-purity Cr-35Re a l loy  i n  Figure 21B is completely warm worked, with no 
sub-boundaries evident  a f t e r  f i n a l  working a t  2200'F. 

As was t h e  case i n  t h e  c a s t  cond i t ion ,  t h e r e  is some non-uniformity i n  
t h e  d i s t r i b u t i o n  of t h e  f i n e r  carb ides  i n  t h e  as-worked C r - . B Y - Z T C  a l loy  
p ic tured  i n  Figure 21C. It should be pointed out i n  t h i s  respec t  t h a t  
one-hour annealing a t  2000 t o  2200'F causes a d d i t i o n a l  p r e c i p i t a t i o n  of 
f i n e  carb ides  i n  t h e  regions between t h e  bands of p a r t i c l e s  i n  the  swaged 
s t r u c t u r e  such t h a t  a more uniform dispers ion  i s  obtained. The Cr-.05Y-HZC 
a l loy  CI-21, which i n  t h e  cast condi t ion  shows only a coarse  in t e rg ranu la r  
carb ide  network, e x h i b i t s  a uniform b u t  r a t h e r  wide ly  spaced d ispers ion  
of f i n e r  carb ides  a f t e r  working a t  2000°F,as ind ica ted  i n  Figure 21D. Further  
aging a t  2100 f lOO'F is also e f f e c t i v e  i n  t h i s  a l l o y  i n  promoting a s t i l l  
f i n e r  d i spers ion  bu t ,  a t  l e a s t  i n  o p t i c a l  microscopy, t h e  i n t e r p a r t i c l e  
spacing appears t o  be too g r e a t  f o r  most e f f e c t i v e  d ispers ion  s t rengthening .  

The f i n e s t  carb ide  d ispers ions  i n  t h e  wrought a l l o y s  a r e  observed i n  
systems i n  which t h e  ca rb ide - s t ab i l i z ing  element has  a g rea t e r  s o l u b i l i t y  i n  
C r  than e i t h e r  Z r  o r  €If. Examples of such compositions,  which include T i - ,  
Cb-, and Ta-rich r e a c t i v e  metal add i t ions ,  are shown i n  Figures 21E and 21F. 
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A summary of t h e  e f f e c t  of processing on t h e  microhardness of t he  a l loys  
is  shown i n  Table 19. Note t h a t  i n  t h e  carbide-containing C r - 4  a l l o y s ,  t h e  
g rea t e s t  hardening from t h e  c a s t  t o  t he  swaged condi t ion  occurs i n  those a l l o y s  
with t h e  higher  concentrat ions of those  r e a c t i v e  metals which promote form- 
a t ion  of f i n e  carb ides .  Most of t h e  a l l o y s  with major s u b s t i t u t i o n a l  s o l u t e  
concentrat ions a t  or below 4 atomic percent and which contained no d ispers ion  
or had d ispers ions  of r e l a t i v e l y  simple carb ides  were worked t o  0.25" diameter 
without undue problems. However, some of t h e  more highly al loyed compositions 
could not be worked by conventional techniques.  In  .general ,  a l l o y s  with c a s t  
or extruded hardnesses above about 330 DPH f e l l  i n t o  t h i s  category. Such 
a l loys  t h a t  could not be swaged d i r e c t l y  were impact extruded from 0.75" t o  
0.375" diameter a t  2450OF p r i o r  t o  f u r t h e r  swaging attempts.  The compositions 
t h a t  were so worked a r e  designated i n  Table 19. Where a f i n a l  swaging temper- 
a t u r e  is l i s t e d  f o r  t h e  impact extruded a l l o y s ,  a l imi ted  number of mechanical 
test specimens were successfu l ly  produced. Those t h a t  could not be swaged t o  
f i n a l  dimensions i n  s p i t e  of t he  intermediate  processing s t e p  have no en t ry  
under. swaging temperature i n  the  t abu la t ion .  

Table 19 a l s o  includes an approximation of t he  temperature required f o r  
50% r e c r y s t a l l i z a t i o n  i n  one hour. The values shown are based on metallographic 
observat ions a f t e r  vacuum annealing a t  i n t e r v a l s  of 100°F. Other than t h e  
Cr-35Re a l l o y ,  t h e  h ighes t  r e c r y s t a l l i z a t i o n  temperatures were obtained i n  
a l loys  with Cb-rich carb ides .  The only a l loy  of t h e  e n t i r e  series which 
r e t a ined  a worked s t r u c t u r e  a f t e r  one-hour annealing a t  2400OF was t h e  (21-36 
composition containing a CbC dispers ion.  

6.2.2 Chemical Analysis 

during processing,  chemical analyses  were conducted on wrought samples of 
a l loys  which represented each of t h e  f i v e  general  types under s tudy ,  taking 
specimens which corresponded t o  pos i t i ons  near  t h e  top ,  c e n t e r ,  and bottom of 
the  o r i g i n a l  ca s t ings .  R e s u l t s  a r e  presented i n  Table 20. The concentrat ion 
of Mo is uniformly 0.2 t o  0.3% lower than t h e  intended l e v e l  of 7 . 1  weight 
percent ,  but t he re  appears t o  be no s i g n i f i c a n t  change of Mo or any o ther  
addi t ion  from t o p  t o  bottom of t h e  ingot .  Other than t h e  s l i g h t  t r a c e  of C o  
i n  one of t h e  C I - 1  and one of t h e  CI-30 s e c t i o n s ,  and a t r a c e  of Ca i n  t h e  
bottom sec t ion  of CP-4 ,  no impur i t ies  o the r  than those l i s t e d  were de tec ted .  
The r e s idua l  l e v e l  of Y is a l s o  r a t h e r  uniform from sec t ion  t o  s e c t i o n ,  
although t h e  l e v e l  i n  CI-20 is  much below t h e  intended range. Comparison 
of the  gas analyses  shown i n  Table 20 with those presented i n  Table 17 f o r  
t he  as-cast  condi t ion ind ica t e s  t h a t  l i t t l e  i f  any contamination occurred 
during t h e  processing sequence employed here .  

In  order  t o  de t ec t  any gross  inhomogeneity as  w e l l  a s  any contamination 

Carbon analyses  were obtained on wrought samples of a l l  a l l oys  t o  which 
in t en t iona l  carbon addi t ions  were made. A t  t h e  nominal l e v e l  of 0 .4  atom 
percent (approximately 0.09 weight percent)  dupl ica te  analyses  of t h e  e n t i r e  
series var ied  only between 0.082 and 0.094 weight percent ,  with an average of 
0.089%. The a c t u a l  and intended carbon l e v e l s  a r e  thus  e s s e n t i a l l y  the  
same . 
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6.3 ResDonse t o  Heat Treatment 

Swaged sec t ions  of a t  least one r ep resen ta t ive  a l loy  from each of t h e  
f i v e  genera l  types under study were vacuum annealed f o r  one hour at temper- 
atures i n  t h e  range 1400 t o  3000'F using increments of 200°F, except i n  t h e  
r e c r y s t a l l i z a t i o n  range where increments of 100°F were employed. R e s u l t s  
of t hese  t reatments  i n  terms of the  microhardness and r e c r y s t a l l i z a t i o n  
behavior are presented i n  Figure 22. The r e c r y s t a l l i z a t i o n  temperature of 
t h e  Cr-Y a l l o y ,  approximately 190O0F f o r  5m r e c r y s t a l l i z a t i o n  i n  one hour, 
is increased by about 50°F by t h e  addi t ion  of 4 atomic percent Mo and by an 
a d d i t i o n a l  50 t o  100°F by t h e  ( Z r , T i ) C  d i spers ion .  The concentrated Cr-Re 
sol id  s o l u t i o n  has a considerably higher  hardnes-s and t h e  r e c r y s t a l l i z a t i o n  
temperature,  a s  def ined here ,  is about 2300OF. 

Each of t he  carbide-containing a l l o y s  e x h i b i t s  a hardening peak a t  2000 
f 200'F. A s  shown i n  Figure 22,  t h i s  peak occurs i n  one-hour aging a t  about 
1800O.F i n  the  Cr-Y-ZTC a l loy  and is increased t o  2000'F by the  addi t ion  of 4Mo. 
The e f f e c t s  of exposure i n  t h i s  temperature range on t h e  micros t ruc ture  a re  
p ic tured  i n  Figure 23. The Cr-Y-4Mo a l l o y  with t h e  (Hf , Z r ) C  add i t ion  was 
se l ec t ed  f o r  i l l u s t r a t i v e  purposes, since i t s  as-swaged s t r u c t u r e  is v i r t u a l l y  
f r e e  of f i n e  p a r t i c l e s  and t h e  p r e c i p i t a t i o n  of carb ides  upon aging is  more 
evident.  S t a b i l i t y  of t h e  f i n e  carb ide  d ispers ion  i n  t h i s  p a r t i c u l a r  a l loy  is 
r a t h e r  l o w ,  with almost complete d i s so lu t ion  occurr ing i n  one hour a t  2400'F. 
Complex carb ides  containing T i ,  Cb, or Ta  resist d i s so lu t ion  or  agglomeration 
t o  somewhat higher  temperatures.  

E lec t ron  micrographs of s e l e c t e d  a l l o y s  a r e  shown i n  Figure 24. Standard 
r e p l i c a t i o n  techniques were employed, using negat ive  collodion-carbon r e p l i c a s  
shadowed a t  40° t o  60' with germanium. The f i r s t  t h r e e  co l lod ion  f i lms  were 
discarded p r i o r  t o  making the  f i n a l  r e p l i c a  by vapor deposi t ion of carbon 
and d isso lv ing  t h e  co l lod ion .  The a l l o y s  with d ispers ions  of CbC and TaC 
have, a f t e r  one-hour aging a t  2000'F, a mean p a r t i c l e  s i z e  of 500 t o  700A 
with an i n t e r p a r t i c l e  spacing which v a r i e s  between less than 1 and approxi- 
mately 5 microns. More of t h e  a reas  observed exh ib i t  a reasonably uniform 
d i s t r i b u t i o n  with spacings near  t h e  former value,  a s  shown by the  example i n  
Figure 24A, but t h e r e  a r e  regions i n  which the  p a r t i c l e s  are r a t h e r  widely 
spaced and arr+nged i n  a banded d i s t r i b u t i o n .  Such areas  a r e  a l s o  evident  
i n  t h e  l i g h t  micrograph i n  Figure 21F. This s t r u c t u r e  possibly r e f l e c t s  
microsegregation i n  t h e  cas t ings  and may be p a r t l y  responsible  for t h e  g r e a t e r  
d i f f i c u l t y  experienced i n  working a l l o y s  which conta in  Cb or Ta. Steps t o  
improve homogeneity, such a s  extended high-temperature annealing pr ior  t o  f i n a l  
working, w i l l  be considered i n  the  cont inua t ion  of t h i s  work. A t  any r a t e ,  
considerably more e f f e c t i v e  d ispers ions  a r e  obtained i n  a l loys  with Cb or Ta 
as  t h e  p r i n c i p a l  ca rb ide - s t ab i l i z ing  add i t ion  than with a l loys  which employ 
only Z r  and/or Hf, as i l l u s t r a t e d  i n  Figure 24D. 
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Idcnt i f  i c a t i o n  of dispersed phases was performed i n  seve ra l  instances 
by X-ray d i f f r a c t i o n  of res idues  e l e c t r o l y t i c a l l y  ex t rac ted  i n  10% H,SO,- 
C,IE,OH, using General E lec t r ic  XRD-5 equipment with n i c k e l - f i l t e r  copper 
rad ia t ion  t o  record Debye-Scherrer f i l m  pa t t e rns .  R e s u l t s  from selected 
a l loys  are presented i n  Table 21. The carbides  i n  t h e  a l loys  which contain 
only one element from Group IV-A or V-A as t h e  d ispers ion-s tab i l iz ing  addi t ion 
appear t o  be r e l a t i v e l y  pure phases, s ince  t h e i r  l a t t i c e  constants  are  r a t h e r  
c lose  t o  the  accepted values f o r  cubic  monocarbides. They should probably 
more properly be referred t o  as "carbo-oxynitrides" s ince  t h e  cubic monoxides 
and n i t r i d e s  exh ib i t  complete m u t u a l  s o l u b i l i t y  with' t h e  carbides .  
carboni t r ide ,  with very near ly  equiatomic concentrat ions of carbon and 
n i t rogen ,  apparently is formed i n  t h e  C I - 5 8  a l loy .  In  t h e  a l loys  with CbC 
and TaC as t h e  major phases,  a f e w  very weak d i f f r a c t i o n  l i n e s  near t h e  
s t ronges t  d spacings of Y20, were observed. Since n e i t h e r  y t t r i u m  nor 
oxygen contents  are p a r t i c u l a r l y  high i n  e i t h e r  of these  a l loys  (both being 
somewhat higher  i n  t h e  HfC a l loy  C I - 3 5  for example) no reason f o r  t h e  
appearance of Y20, only i n  these  two is  r ead i ly  apparent.  Trace amounts of t h e  
oxide could w e l l  be present  i n  a l l  compositions, but i n  too  small  amount t o  be 
detected by Debye-Scherrer techniques.  

A 

The data a l s o  ind ica t e  t h a t  t h e  s o l u b i l i t y  of H f  i n  C r  is  q u i t e  l o w .  
Although most of t h e  H f  i n  a l loys  CI-35 and C I - 3 7  must  be t i e d  up as the  
Hf-rich carb ide ,  each a l loy  conta ins  a de tec tab le  amount of t h e  HfCr,  phase 
of t h e  Laves type.  A similar  phase was not  found i n  t h e  a l l o  with atomic 
concentrat ions of 0.6% Z r  and 0.4% C ,  although ea r l i e r  work(5y show it  t o  
be present a t  about 1.5 atomic percent Z r .  

In  addi t ion  t o  t h e  hardness and micros t ruc tura l  response,  an exploratory 
inves t iga t ion  of t h e  e f f e c t s  of s e l ec t ed  heat  t reatments  on the  low-temperature 
t e n s i l e  behavior of representa t ive  a l loys  w a s  a l s o  conducted. T e s t s  were made 
a t  a nominal s t r a i n  ra te  of .03 per  minute using a .120" diameter specimen 
w i t h  a 0.5" gauge length provided with generous f i l l e t  r a d i i .  
t e s t i n g ,  specimens w e r e  e lec t ropol i shed  i n  a 10% perchlor ic  - 9Wo a c e t i c  
acid bath maintained a t  or below 50'F. I n  genera l ,  an annealing temperature 
below the  one hour r e c r y s t a l l i z a t i o n  temperature (1800°F), one a t  o r  near t h e  
aging peak for carbide-containing a l loys  (2000°F), and one above t h e  r ec rys t a l -  
l i z a t i o n  temperature (2400'F) were included i n  t h i s  port ion of t h e  s t u d y .  
r e s u l t s  are summarized i n  Table 22. It should be noted t h a t  t h e  d u c t i l i t y  of 
each of t h e  d i l u t e  a l loys  with carbide addi t ions  is  super ior  t o  that, of t he  
@r-Y binary.  The compositions with (Zr,Ti)C or (Hf,Zr)C d ispers ions  are rather  
d u c t i l e  a t  room temperature and exhib i t  measurable p l a s t i c  flow a t  -50'F i n  both 
t h e  wrought and f u l l y  r e c r y s t a l l i z e d  condi t ions.  Their  s t rengths  are a l s o  con- 
s iderably higher than t h a t  of CI -1 .  These simultaneous improvements i n  s t r eng th  
and d u c t i l i t y  are a r e s u l t  of i n t e rac t ion  of t h e  carb ide  p a r t i c l e s  during 
working and/or annealing a t  2000 f 200'F with both r e s idua l  i n t e r s t i t i a l  

P r i o r  t o  

The 
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impur i t ies  and with t h e  d i s loca t ion  a r ray .  It is  a l s o  poss ib le ,  a s  suggested 
by Hahn and Rosenfield(") t h a t  such p a r t i c l e s  are sources of mobile d i s loca t ions  
and thus  he lp  t o  prevent la rge  s t r e s s  concentrat ions which r e s u l t  i n  i n t e rg ranu la r  
c rack  i n i t  iaei on i n  single-phase chromium alloys.  

Addition of 4 atomic percent Mo raises the  d u c t i l e - b r i t t l e  t r a n s i t i o n  
temperature (DBTT) by a t  l e a s t  200'F. The Cr-Y-4Mo t e rna ry  appears t o  be 
s l i g h t l y  more d u c t i l e  than corresponding a l l o y s  w i t h  ca rb ides  i n  t h i s  t a b u l a t i o n ,  
b u t  the  d i f f e rence ,  i f  r e a l ,  is not g r e a t .  S t rengths  of t he  compositions with 
carbide d ispers ions  are a t  least 10 t o  15% higher than t h e i r  carbon-free counter- 
pa r t  at t h e s e  lower temperatures,  and show an even higher  advantage a t  e leva ted  
temperatures,  a s  w i l l  be shown i n  t h e  following sec t ions .  

The best balance of s t r eng th  and d u c t i l i t y  was genera l ly  observed after a 
one-hour anneal at 2000'F. This temperature was selected f o r  treatment of t h e  
r e s t  of t h e  a l l o y s  of t h i s  series f o r  i n i t i a l  screening of mechanical p rope r t i e s .  

6.4 Tens i le  Proper t ies  

6 .4 .1  Stress-Relieved Condition 

Screening tests conducted t o  date have been made on specimens annealed for  
one hour a t  2000'F and a t  2400OF. Data a f t e r  t h e  low-temperature heat  treatment 
a r e  presented i n  t h i s  s ec t ion .  Low-temperature t e s t i n g  procedures were described 
previously.  Elevated-temperature tests were made on ground button-head specimens 
with an o v e r a l l  gauge length of 1.1" and a diameter of ,160". In  each temperature 

. .  range, an Ins t ron  machine was employed at a nominal s t r a i n  rate of .03 per  minute. 
Tests a t  1900'F and above were made i n  vacuum a t  pressures  of 10'' t o r r  or below. .. 

Ultimate t e n s i l e  s t r eng ths  and low-temperature reduct ion of a rea  values  from 
rep resen ta t ive  a l l o y s  are p l o t t e d  a s  a func t ion  of  temperature i n  Figures 25 and 
26, r e spec t ive ly .  The Cr-Y binary has q u i t e  low s t r eng th  over t h e  e n t i r e  
temperature range of i n t e r e s t .  Addition of t h e  ( Z r , T i ) C  d i spers ion  r e s u l t s  i n  
an increase  of a t  least 60% i n  t hese  Strengths  a t  t h e  higher temperatures,  b u t  
t h e  absolute values a r e  s t i l l  r a t h e r  l o w .  A concentrat ion of 4 atomic percent 
Mo doubles t h e  low-temperature e t rength  of Cr-Y and r a i s e s  i t s  s t r eng th  by a 
f a c t o r  of 3 t o  4 a t  1900 t o  2400'F. The increment due t o  t h e  ZTC d ispers ion  
appears t o  be about t h e  same i n  e i t h e r  a Cr-Y or a Cr-lo-Y base.  The CA-2 a l loy  
(Cr-35Re) has considerably higher  s t r eng th  a t  1900°F, b u t  a t  2400°F, where t h e  
a l loy  i s  completely r e c r y s t a l l i z e d  p r i o r  t o  t es t ,  the  s t rengthening by the  con- 
cen t r a t ed  R e  addi t ion  is not much g rea t e r  than t h a t  afforded by 4 atomic percent Mo. 

Based on t h e  c r i t e r i o n  of 5% reduct ion of a r e a  def ining t h e  t r a n s i t i o n  from 
b r i t t l e  t o  d u c t i l e  behavior,  t h e  DB7!T values  of Cr -Y,  Cr-Y(Zr ,Ti )C and Cr -Y- (Zr ,  
T i ) B  a l l o y s  a r e a e a r  o r  elow room temperature,  and t h a t  of t he  C r -  
pos it ion  abou t 300 OF. w-temperature tests on t h e  p a r t i c u l a r  Cr-4 
shown i n  Figure 26 ind ica t e  t h a t  the  carb ide  d ispers ion  raises t h e  DBl"r of t h e  
Cr-4MO base by about 150°F, but as w i l l  be s h w n  below, o the r  carbides have much 
less d r a s t i c  e f f e c t .  The Cr-35Re a l loy  is ,  of course ,  q u i t e  d u c t i l e  we l l  below 
room temper a t  u r  e a 
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A l l  of t h e  t e n s i l e  r e s u l t s  obtained a f t e r  one-hour annealing a t  2000'F 
are presented i n  Appendix A. Elevated-temperature t e n s i l e  s t r eng ths  of t h e  
s t rongest  compositions of each type are compared t o  t h e  C-207 a l loy  developed 
i n  t h i s  laboratory(s91o)  i n  Figure 27. C-207 has t h e  composition Cr-2.25W- 
.1K- 4Zr-.2Ti-. 4C i n  atomic percent .  I n  t h e  condi t ion shown i n  t h e  
comparison, t h i s  a l loy  has a t e n s i l e  DBTT of 350 t o  400'F. Data are 
p lo t t ed  i n  Figure 27 as scatter bands on an expanded temperature s c a l e  i n  
order t o  b e t t e r  i l l u s t r a t e  t h e  d i f fe rences  between types of a l loys .  

The 1900 and 2400'F s t r eng ths  of 81,000 and 30,100 p s i  measured i n  t h e  
Cr-GW-.lY a l loy  (CI-8)  represent  t h e  highest  s t r eng ths  f o r  a so l id-so lu t ion  Cr 
a l loy  known t o  the  w r i t e r .  It w i l l  be noted i n  Appendix A t h a t  W is a con- 
s iderably more e f f e c t i v e  s t rengthener  than Mo on t h e  basis of atomic 
concentrat ion.  However, t h i s  Cr-6W a l l o y  and o ther  te rnary  compositions w i t h  
6 t o  8 atomic percent W and/or Mo are among those which could not be swaged 
d i r e c t l y  from t h e  extruded condi t ion.  Even the  a l loy  with 4 atomic percent W 
was q u i t e  d i f f i c u l t  t o  work and i t s  DBTT is s ign i f i can t ly  higher than a t  t he  
l eve l  of 4% Mo. The f e w  t e n s i l e  tests reported here  and i n  t h e  following 
sec t ion  represent  t h e  only u s e f u l  bar s tock  which w a s  obtained from such 
a l loys ,  and most of i t  w a s  worked only by impact ext.rusion prior. t o  f i n a l  
swaging. I t  is clear t h a t  major s o l u t e  concentrat ions of W or Mo are very 
e f f e c t i v e  w i t h  respec t  t o  s t r eng th ,  but t h e i r  adverse effect  on workabi l i ty  
and low-temperature d u c t i l i t y  l i m i t s  t h e i r  p r a c t i c a l  appl ica t ion  t o  r a t h e r  
low l eve l s .  Since W is  more favorable  i n  i ts  s t r eng th  c h a r a c t e r i s t i c s  and 
Mo i n  i t s  workabi l i ty  and d u c t i l i t y  behavior,  addi t ions  of these two sc j lu t e s  
a t  ind iv idua l  or combined l e v e l s  of 4 t o  6 atomic percent were Kade t o  a l loys  
containing se l ec t ed  carbide d ispers ions  i n  t h e  extension of t he  work i n t o  
la ter  phases, i n  Alloys CI-44 through CI-49. Qnly those  with W plus  Mo at  
4 atomic percent could be worked using conventional procedures. T h u s ,  i n  order 
t o  reach s t r eng ths  above about 50,000 p s i  a t  1900'F. one of t h e  supplemenral 
means of s t rengthening m u s t  be employed. 

A l l  t h e  d i l u t e  a l loys  with carbon added exh ib i t  s t rength  increases  over  
t h e  base and those shown i n  Figure 27 (CI-19 through -21 and CI-50 and -51) 
a l l  are d u c t i l e  w e l l  below room temperature,  w i t h  DlBTT values of 0 f 25'F. The 
boron-containing a l loys  @I-22 through -24 are considerably s t ronge r ,  pa r t  icu1a.r 'ly 
a t  1900 t o  2100'F, but t h e i r  DBTT rises t o  t h e  range 150 f 100'F. Carbide- 
containing Cr-4Mo a l loys  a l l  show elevated-temperature s t r eng th  increases  over 
t he  s o l i d  so lu t ion .  The increase is  least i n  t h e  a l loys  containing Zr a t  
l eve l s  above 0 .4  atomic percent ,  and i n  t h e  "standard" ZTC a l loy  a t  t he  
higher Y Concentration (CI -30) .  This  l a t te r  r e s u l t  p a r a l l e l s  ea r l i e r  obser- 
vat ions t h a t  Y has a weakening e f f e c t  a t  higher  temperatures,  p a r t i c u l a r l y  
i n  a l loys  with dispersed carbides('* lo e 
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The bes t  balance of p rope r t i e s  was observed i n  the  Cr-4Mo or Cr-2W-2 
a l loys  which conta in  Cb-rich o r  Ta-rich ca rb ides ,  or i n  one case  a carbani t -  
r i d e .  Elevated-temperature s t r eng ths  of such a l l o y s  (CI-36, -41, -42, -43, 
-46, -47, -58) a r e  shown i n  t h e  s c a t t e r  band of Figure 27. These a l loys  
not only have s t r eng th  advantages of 25 t o  5% over t h a t  of C-207, but 
s eve ra l  of them exh ib i t  t ens i le  D E 3  values  i n  t h e  same range of 350 t o  
400'F. 

Severa l  a l l o y s  with complex borides o r  combinations of carb ides  and 
borides  were prepared in  t h e  later phases of the,work,  but some of them 
could not be worked successfu l ly  even using t h e  expedient of impact ex t rus ion  
p r i o r  t o  swaging. One such a l l o y  which yielded a l imi ted  amount of bar  s tock  
(CI-56) has  a t t r a c t i v e  high-temperature p r o p e r t i e s ,  with t e n s i l e  s t r eng ths  
s l i g h t l y  above t h e  h ighes t  s c a t t e r  band i n  Figure 27,  but its DBTT i s  above 
600OF. 
content  above 4 atomic percent t h a t  was success fu l ly  worked i n  t h i s  program, 
also shows r a t h e r  high t e n s i l e  s t r eng ths .  However, a s  w i l l  be descr ibed i n  
following sec t ions ,  t h e  a i r  oxidat ion behavior i s  extremely poor and 
creep-rupture p rope r t i e s  are i n f e r i o r  t o  Cr-4Mo a l l o y s  with CbC, TaC, or 
T I C  d ispers ions .  This  a l loy  also has a tensi le  DBTT of about 550'F. 

6.4.2 Recrys ta l l ized  Condition 

Tens i l e  p rope r t i e s  i n  t h e  r e c r y s t a l l i z e d  condi t ion  a r e  recorded i n  
Appendix B. Except a s  noted,  a vacuum anneal of one hour a t  2400'F w a s  
employed. In  order  t o  f a c i l i t a t e  comparisons between a l loys  and between 
s t r u c t u r a l  condi t ions ,  some of t h e  c r i t i c a l  p rope r t i e s  of the  e n t i r e  series 
are presented i n  Table 23. It w i l l  be noted by comparison of t h e  complete 
data  i n  Appendices A and B t h a t  a t  a test temperature of 2400'F t h e r e  is 
very l i t t l e  d i f f e rence  between t h e  s t r eng ths  of t h e  r e c r y s t a l l i z e d  specimens 
and those which were stress re l i eved  p r i o r  t o  t e s t i n g .  Most of t he  l a t t e r  
a r e  r e c r y s t a l l i z e d  during hea t ing  i n  t h e  2400'F tests. 
average tens i le  s t r eng ths  a t  t h i s  temperature a r e  recorded. The t abu la t ion  
a l s o  shows t h e  s t r eng ths  of t h e  s t r e s s - r e l i eved  and r e c r y s t a l l i z e d  specimens 
a t  1900°F, which is  w e l l  below t h e  r e c r y s t a l l i z a t i o n  range i n  a l l  but t h e  
most d i l u t e  a l l o y s ,  and presents  t h e  approximate DBTT i n  each s t r u c t u r a l  
condi t ion.  These DBTT values a r e  es t imated by in t e rpo la t ion  of d u c t i l i t y  
versus temperature da ta  i n  t h e  appendices t o  a reduct ion of area value of 
5%. Very few dup l i ca t e  t e s t s  were made because of ma te r i a l  l i m i t a t i o n s .  The 
DBTT values  should the re fo re  be considered a s  approximations only.  In  those 
a l loys  t h a t  yielded i n s u f f i c i e n t  amounts of bar  s tock  t o  conduct screening 
tests i n  both t h e  wrought and r e c r y s t a l l i z e d  condi t ions ,  emphasis was placed 
on t h e  former s t r u c t u r e .  The wrought condi t ions of most a l loys  show con- 
s iderably  higher  s t r eng ths  i n  t h e  temperature range of 1900 t o  2100'F where 
chromium has i ts  highest  p o t e n t i a l ,  and t h e  low-temperature proper t ies  a r e  
genera l ly  super ior  i n  t h e  wrought s t r u c t u r e .  

The Cr-20V-5W a l l o y  CI-52 which is t h e  only composition with a W 

In  Table 23, t h e  
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The e f f e c t s  of r e c r y s t a l l i z a t i o n  on the  mechanical behavior appear t o  
be markedly dependent upon t h e  type of a l l o y .  In  most of t h e  single-phase 
a l loys  containing major s u b s t i t u t i o n a l  s o l u t e s  a t  or above 4 atomic percent ,  
r e c r y s t a l l i z a t i o n  lowers the  wrought t e n s i l e  s t r eng th  a t  1900'F by 15 t o  
3% and, i n  genera l ,  raises the  DEXl'T over t h a t  of t he  wrought s t r u c t u r e  by 
50 t o  200'F. Many of t h e  a l l o y s  with dispersed phases,  on t h e  o ther  hand, 
exh ib i t  much less d r a s t i c  losses  of elevated-temperature s t r eng th  upon 
annealing a t  2400°F, and some show s l i g h t  increases .  In  seve ra l  such a l l o y s  
the  DBTT e i t h e r  changes i n s i g n i f i c a n t l y  upon r e c r y s t a l l i z a t i o n  or i n  some 
instances (CI-24, -30, -40, -60, -61 of t h e  a l l o y s  f o r  which da ta  i n  both 
s t r u c t u r e s  a r e  ava i l ab le )  shows a pronounced decrease from t h a t  measured on 
wrought specimens. Although it i s  r ea l i zed  t h a t  these observations a r e  open 
t o  some ques t ion ,  both because of t h e  r a t h e r  a r b i t r a r y  d e f i n i t i o n  of t he  DBIT 
and t h e  l imi ted  number of tests per  a l loy  conducted i n  t h i s  screening i n ' v e s t i  
ga t ion  t o  loca t e  the  t r a n s i t i o n s ,  i t  appears t o  be s i g n i f i c a n t  t h a t  4 of t h e  
5 a l loys  which show a reduct ion i n  DKCT upon annealing a t  2400'F conta in  Ta 
or Cb as  t h e  major d i spers ion  s t a b i l i z i n g  addi t ion .  Severa l  o ther  such 
a l loys  ((3-36, -41, -42, -43, -47) r e t a i n  t h e i r  elevated-temperature s t r eng th  
a f t e r  r e c r y s t a l l i z a t i o n ,  have reasonably low DlBTT values  i n  the  wrought con- 
d i t i o n ,  and so f a r  a s  da ta  a r e  ava i l ab le ,  show l i t t l e  adverse change i n  
low-temperature p rope r t i e s  a f t e r  r e c r y s t a l l i z a t i o n .  

In  addi t ion  t o  r e t a i n i n g  or improving t h e  wrought DmT, a l loys  with 
Cb-rich or Ta-rich dispersed phases show considerably higher  values of flow 
stress a t  low temperatures a f t e r  r e c r y s t a l l i z a t i o n .  It  should be mentioned 
i n  t h i s  regard t h a t  t h e  annealing temperatures employed i n  seve ra l  of these  
a l loys  were close t o  t h e  r e c r y s t a l l i z a t i o n  temperatures presented earlier i n  
Table 19. Although o p t i c a l  microscopy indica ted  t h a t  t h e  samples were i n  
f a c t  r e c r y s t a l l i z e d ,  it is  poss ib le  t h a t  some e f f e c t s  of warm working remained. 
It  has  been shown by a number of workers (for a review see Reference 2 8 )  t h a t  
only a very smal l  amount of co ld  work or a r e l a t i v e l y  low densi ty  of mobile 
d i s loca t ions ,  g rea t ly  a f f e c t s  the  low-temperature flow and f r a c t u r e  of 
chromium. 
l i z a t i o n  i n  chromium, pr imari ly  by i n t e r a c t i o n  with a non-cel lular  d i s loca t ion  
a r ray  produced i n  warm working and thus may r e s u l t  i n  a s u f f i c i e n t l y  high 
mobile d i s loca t ion  dens i ty  a f t e r  annealing a t  2400 t o  2500'F. Even i f '  t h i s  
i s  not t he  case  and t h e  s t r u c t u r e  if f u l l y  r e c r y s t a l l i z e d ,  t h e  arguments of 
Hahn and Rosenfield('') p red ic t  t h a t  f i n e  d ispers ions  should enhance d u c t i l i t y  
both through making cleavage more d i f f i c u l t  by l imi t ing  d i s loca t ion  p i l e  up 
and through ac t ing  a s  sources  of mobile d i s loca t ions  i n  a source-poor s t r u c t u r e .  
Whatever t h e  mechanism(s) involved, it is c l e a r  t h a t  f i n e  d ispers ions  a r e  
q u i t e  e f f e c t i v e  i n  r a i s i n g  t h e  s t r eng th  of chromium a l l o y s  a t  l e a s t  through 
2100'F without any markedly adverse,  and i n  some cases  with a b e n e f i c i a l ,  
e f f e c t  on d u c t i l i t y .  Cb-rich or Ta-rich d ispers ions  appear t o  y i e l d  the  
bes t  balance of t e n s i l e  p rope r t i e s .  

A s  r ecen t ly  shown by Ryan(') , f i n e  carb ides  g r e a t l y  r e t a r d  r e c r y s t a l -  
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With respec t  t o  t h e  ( Z r , T i ) C  d i spers ion  i n  t h e  C r -  -.05Y base,  t h e r e  
is no evidence t h a t  improved p rope r t i e s  are obtained by changes i n  t h e  
atomic r a t i o  of t h e  concent ra t ion  of r e a c t i v e  metals t o  t h a t  of carbon 
((21-31 and (21-32) or i n  t h e  volume f r a c t i o n  of t h e  carbide phase (CI -38  
and CI-39) compred t o  t h e  0.4Zr-0.2Ti-0.4C i n  CI-29. In  f a c t ,  h igher  levels 
of Z r  appear t o  be de t r imenta l  both t o  1900°F s t r eng th  i n  t h e  r e c r y s t a l l i z e d  
specimens and t o  t h e  DBTT in  each s t r u c t u r a l  condi t ion.  S imi la r  observat ions 
have been made i n  earlier work i n  t h i s  laboratory(3)  and by W i l m s  and Rea(') 
i n  t h e i r  explora t ion  of d i l u t e  a l l o y s  i n  t h e  Cr-Ta-Zr-C-B system. Atomic 
concentrat ions of t h e  Group IV-LA and/or Group V-A metals at 0.6 percent and 
of t h e  i n t e r s t i t i a l s  a t  0 .4  percent were the re fo re  maintained i n  most of t h e  
a l loys  i n  t h e  later phases of t h e  work (CI-40 through CI-61). 

Alloys t h a t  conta in  p a r t i c l e s  of secondary phases had smooth stress-strain 
curves a t  l o w  temperatures i n  both s t r u c t u r a l  condi t ions  t e s t e d .  The stress- 
s t r a i n  curves recorded i n  tests a t  400 t o  800'F on r e c r y s t a l l i z e d  specimens 
of some of t h e  Cr-Y a l l o y s  with t e rna ry  addi t ions  ((21-4 through CI-17) show 
r a t h e r  sharp  breaks or i n f l e c t i o n s  i n  the  curves a t  departure  from l i n e a r i t y ,  
but no drops i n  load were observed. A s  shown by t h e  d a t a  i n  t h e  appendices, 
Cr-35Re was t h e  only a l loy  which exhib i ted  d i s t i n c t  upper and lower y i e l d  
poin ts  i n  the  r e c r y s t a l l i z e d  condi t ion ,  as did high-purity C r  i n  both the  
recovered and r e c r y s t a l l i z e d  s t r u c t u r e s .  D u c t i l i t y  of t h e  Cr-35Re a l loy  is 
outs tanding,  with s u b s t a n t i a l  e longat ion and reduct ion of a rea  values 
measured a t  temperatures a s  l o w  a s  -200'F. Flow stresses at  l o w  temperatures 
are also q u i t e  high. However, elevated-temperature s t r eng ths  of Cr-35Re 
(65 weight percent R e )  are i n f e r i o r  t o  those t h a t  r e s u l t  from much lower 
concentrat ions of W o r  Mo. In most aerospace app l i ca t ions  it is not t h e  
absolute  value of s t r eng th  t h a t  is of prime importance, but t h e  s t rength- to-  
densi ty  r a t i o .  Since t'he dens i ty  of R e  is very  h igh ,  t h e  l a t t e r  property 
is compared t o  those  obtained i n  more d i l u t e  Cr-W, Cr-Mo, and carbide-containing 
a l l o y s  i n  the  following tabula t ion :  

Alloy 

CI-4 

CI-5 

C'p- 7 

CI -8  

CI-33  

Nominal Composition 
(Atomic %) 

Cr-4hAo-. 1Y 

Cr-6Mo- . l Y  

Cr-4W-. 1 Y  

CP-~W-. 1 Y  

Density,  p 
( lb/in3 1 

.274 

,277 

,292 

a 303 

a 272 

Temp 
OF 

1900 
2400 

1900 
2400 

1900 
2 400 

1900 
2400 

1900 
2400 

UTS 
&si )  

46.4 
la. 2 

(61.0) 
24.0 

63.6 
23.8 

81 .0  
30.1 

59.0 
22.3 

UTs/p 
( in .  ) 

169,000 
63,800 

220,000) 

218,000 ~ 

87,000 

82,000 

267,000 
99,000 

2 17,000 
82,000 
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CI-36 

CI-47 

CA-2 

* 

Cr-4Mo-O.05Y-CbC 

Cr-2W-2Mo-0.15 (La -k Y)-TaC 

Cr - 3 5Re 

Cr-35Re-Carbide 

0.275 

0.286 

0.463 

0.463 

1900 
2400 

1900 
2400 

1900 
2400 

1900 
2400 

65.7 
20.4 

70.3 
22.1 

69.7 
22.1 

(99.0) 
(27.2) 

239,000 
74,000 

77,000 

48,000 

(59,000: 

246,000 

150,000 

(214,000: 

*Cr-35Re with strength increments due to most effective carbides added 
to actual strengths. 

The highest incremental strengthening due to carbide additions in 
the present series, about 19,300 psi from CbC and TaC at 1900'F and about 
5,100 psi from Tic at 2400°F, were added to the measured data from the binary 
Cr-35Re in order to estimate the potential of a carbide dispersion in the 
ductile Cr-Re alloy. It is evident from the tabulation that strength-to- 
density ratios would still lie well below those achieved with much more 
dilute concentrations of W or Mo. 

One final observation concerning mechanical properties of Cr-Re alloys 
should be made. The addition of 4 atomic percent Re to a Cr-Y base (CI-16) 
resulted in rather low strengths at elevated temperatures, and a DBTT of 
450 to 500°F, between the values exhibited by Cr-4Mo and Cr-4W alloys. 
However, addition of (Ta,Hf)C to the Cr-4Re alloy (CI-48) resulted in a 
DBTT near room temperature, although the strength is still rather low at 
1900 and 2400'F. The same addition of (Ta,HF)C to Cr-4W or to Cr-2W-2Mo 
(CI-45 and CI-46) raises the elevated-temperature strength by a greater 
degree, but DBTT values of the latter alloys are 650 to 70O0F. Reasons for 
the large ductility improvement in the Cr-4Re-(Ta,Hf)C alloy are at present 
unknown; and, unless the strength can be increased, they may be of little 
practical significance. It may well be possible, however, that strengthening 
additions of W or Mo can be made to such carbide-containing Cr-4Re alloys 
without completely overriding the ductility effect, 

6.5 Creep-Rupture Properties 

Creep-rupture tests were conducted on selected alloys at 2100 and 24OOOF 
with emphasis on the lower temperature. 
button-head specimens with a gauge length of 1.1" in capsules which were 
evacuated to at least 5 x torr and, after purging, were back-filled with 

Tests were made on 0.P601'-diameter 
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pur i f i ed  helium a t  a s l i g h t  pos i t i ve  pressure  of about 800 torr. Loss of 
pressure  during t e s t i n g  was neg l ig ib l e .  Constant loads,  using a load- t ra in  
assembly made from a Mo-O.5% T i  a l l o y ,  were appl ied  by the  dead-weight 
technique a t  a lever  ra t io  of 1 O : l .  S t ra in- t ime r e l a t ionsh ips  were recorded 
on multi-channel Gilmore u n i t s  using t h e  s i g n a l s  from l i n e a r  v a r i a b l e  d i f -  
f e r e n t i a l  t ransformers  mounted ex te rna l ly  i n  a x i a l  alignment with the specimens. 
I n i t i a l  tests on each a l loy  a t  2100’F were made a t  a stress corresponding 
t o  approximately 35% of the  t e n s i l e  s t r e n g t h  a t  t h a t  temperature. S t r e s s e s  
i n  subsequent tests were ra i sed  or lowered by 2,000 or 2,500 p s i  depending on 
t h e  rup tu re  l i f e  i n  t h e  first test. 

Resul t s  obtained on r e c r y s t a l l i z e d  specimens a r e  presented i n  Table 24A. 
Note t h a t  a t  2400’F very rap id  secondary creep rates a r e  observed even a t  
stresses as low as 3,500 p s i .  A t  2100°F, however, a l l  of t h e  carbide-strengthened 
Cr-4Mo a l loys  e x h i b i t  100-hour r u p t u r e  s t r eng ths  above 10,000 p s i  and have 
creep r a t e s  which a r e  lower than those  a t  2400’F by more than an order  of 
magnitude. A f e w  of t h e  a l loys  t h a t  have r e c r y s t a l l i z a t i o n  temperatures among 
t h e  highest  measured i n  t h e  series were a l s o  tested f o r  comparison i n  the  
s t r e s s - r e l i eved  condi t ion .  These da ta  are shown i n  Table 24B. Rupture l i v e s  
a t  common stresses are increased by f a c t o r s  of 2 t o  3 i n  t he  wrought and 
recovered s t r u c t u r e ,  and creep r a t e s  decrease by a somewhat g r e a t e r  margin, 
with respec t  t o  those i n  r e c r y s t a l l i z e d  specimens. The best creep-rupture 
p rope r t i e s  a r e  observed i n  t h e  a l loy  w i t h  a CbC d ispers ion ,  followed rather 
c lose ly  by those with d ispers ions  of TaC and T i c .  Gas analyses  were made on 
port ions of t h e  gauge lengths  from s e v e r a l  of t h e  longer-time specimens a f t e r  
t e s t i n g  t o  check t h e  c l e a n l i n e s s  of t he  t e s t i n g  environment. With one 
exception, oxygen and n i t rogen  conten ts  increased by less than 50 ppm. In  
the  s t r e s s - r e l i eved  CI-41 specimen, a pickup of 42 ppm ni t rogen  and 120 ppm 
oxygen was ind ica ted .  

Rupture da t a  from seve ra l  of t h e  alloys a r e  shown on a Larson-Miller p lo t  
i n  Figure 28. Values of 15, 2 0 ,  and 25 were used for  the constant  C i n  t h e  
Earson-Miller parameter B = T (C + log t ) ,  where T is  t h e  test temperature i n  
‘Rankine and t the  rupture  time i n  hours.  The data were best f i t  by the  
value C I 20, although a number of tests a t  common stresses as  a funct ion of 
temperature would be required t o  e s t a b l i s h  t h e  pe r t inen t  value of C ,  which is 
d i r e c t l y  r e l a t e d  t o  t h e  a c t i v a t i o n  energy f o r  creep.  Included f o r  comparison 
on t h i s  p l o t  a r e  da t a  reported by Pugh(”) f o r  unalloyed C r  and the  average 
rupture  curve f o r  t h e  C-207 a l loy  developed i n  t h i s  labora tory(9e1o) .  
t ens i le  s t r eng ths  of t h e  present  a l l o y s  a r e  p l o t t e d  a t  a rup tu re  time of .05 
hour on these  curves,  t o  give some ind ica t ion  of t h e  degree of s t r eng th  
r e t en t ion  i n  time-dependent loading. Although t h e s e  poin ts  appear t o  f i t  
ex t rapola t ions  of t he  rupture  da ta  r a t h e r  w e l l  when p lo t t ed  i n  t h i s  manner, 
t h e  dashed por t ions  of t h e  curves should,  of course,  not be used a s  o the r  
than es t imates  of rup tu re  behavior under o the r  time and temperature 
condi t ions a 

The 
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The substitutional solution of 4 atomic percent Mo raises the 100-hour 
strength of unalloyed Cr at 2100'F from less than 2000 to about 9000 psi. Addi- 
tion of 0.4Zr-0.2Ti-O,4C, which results in the formation of a rather coarse 
dispersion of (Zr,Ti)C plus finer Tic, as shown previously, results in a 
further increase of 2500 to 3500 psi in the 100-hour strength at this 
temperature. The CbC dispersion, which is considerably finer, shows nuch 
greater strengthening in creep rupture at 2100'F. 
increment associated with atomic concentrations of,0.6 Cb and 0.4 C is about 
the same as that due to addition of 4 atomic percent (7.1 weight percent) PAO. 
The 100-hour rupture strength of 16,500 to 17,000 psi exhibited by this alloy 
in the wrought and recovered condition at 2100'F represents an increase of about 
lOO'F over C-207, and 500 to 600' over unalloyed Cr. 
maintained to at least 2400°F, but strengths at the latter temperature are far 
too low for practical application. 

In fact, the strengtn 

This same advantage is 

The curves in Figure 28 and the data in Table 24A also serve to illustrate 
the essential equivalence of W and Mo as solution-strengthening additions to 
Cr at 2100'F on the basis of weight percentages of these solutes. Rupture 
points appear to fall on the same curves for CI-29, which has 7.1 weight 
percent Mo and for C-207, which has 7.5 weight percent W, added to a Cr-Y-ZTC 
base. At higher temperatures, tensile results indicate that W is superior, as 
discussed previously. Since dispersion strengthening by carbides does not 
appear to be operative at 2500'F and possibly becomes ineffective at 
temperatures nearer 2200'F, it is unfortunate that both workability and 
low temperature ductility considerations limit the addition of refractory 
solutes other than Re to rather low levels. However, the combination of 
solution strengthening by about 4 atomic percent Mo or W plus dispersion 
strengthening by the more effective carbides results in chromium alloys with 
creep-rupture strength advantages of at least 200'F over the best available 
nickel-base superalloys. It should be pointed out that the properties reported 
here were measured in more or less standard wrought conditions. It has been 
shown that the size and distribution of dispersed phases, and hence mechanical 
properties are strongly dependent upon processing history in similar 
alloys 'I. Further improvements of the present alloys are therefore 
probable through application of suitable thermal and mechanical treatments. 

6.6 Air Oxidation Behavior 

Specimens for oxidation tests were taken from swaged bar stock corres- 
ponding to locations near the center of the original ingots. They were center- 
less ground to about 0.2" diameter to completely remove the protective cladding, 
electropolished to remove a further 1 to 2 mils from the surfaces, but into 
lengths of approximately 0.5", and then stress relieved for one hour in vacuum 
at a temperature at least lOO'F below the recrystallization temperature. 
Uninterrupted exposures were made in static air for 100 hours at 1500 and 
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2100'F and f o r  25 hours a t  2400'F. Bevi-Duty laboratory furnaces ,  Model 
7145 f o r  t h e  1500'F tests and ModelG-494 f o r  t h e  tests a t  higher  temper- 
a t u r e s ,  were used throughout t h e  program. The specimens were he ld  i n  small 
Z r %  c ruc ib l e s .  Porcelain l i d s  were placed over t h e  c ruc ib l e s  immediately 
upon t h e i r  removal from t h e  furnace t o  prevent t h e  poss ib le  loss of any 
oxide t h a t  spa l l ed  during cooling. Af te r  measuring weight changes, t h e  
samples were mounted for  metallographic examination. In  add i t ion  t o  
microstructural cha rac t e r i za t ion  of t h e  degree of subsurface r eac t ion ,  
microhardness t r a v e r s e s  were made a t  i n t e r v a l s  of 0.5 t o  1 m i l  us ing a 
diamond pyramid indentor  a t  a 100-gram load. 

A summary of t h e  oxidat ion results is presented i n  Table 25. Severa l  
d i f f e r e n t  types of i n t e r n a l  r eac t ion  with gaseous contaminants, pr imari ly  
n i t rogen ,  were observed as ind ica ted  i n  t h e  t abu la t ion .  Examples of each 
are i l l u s t r a t e d  i n  Figure 29. 
containing compositions a f t e r  t e s t i n g  a t  2400°F, showed deep in t e rg ranu la r  
n i t r i d a t i o n  beneath t h i c k  su r face  n i t r i d e  layers and t h e  matrix w a s  hardened 
t o  an even g r e a t e r  depth. In  f a c t  only one a l loy  i n  t h e  e n t i r e  series, the  
d i l u t e  Cr-Y-Th-Hf (CI -3 ) ,  exhib i ted  n e i t h e r  n i t r i d e  formation nor  s i g n i f i c a n t  
subsurface hardening a t  each of t h e  t h r e e  temperatures included i n  the s t u d y .  
A l l  of t h e  o ther  a l l o y s  showed some sort of de t r imenta l  subsurface r eac t ion  
af ter  exposure t o  a t  least one of t h e  test condi t ions .  

A number of the  a l loys ,  p a r t i c u l a r l y  t h e  carbide 

Close s t u d y  of t h e  da t a  i n  Table 25 ind ica t e s  t h a t  no completely cons i s t en t  
g e n e r a l i t i e s  can be made concerning t h e  a i r  oxidat ion behavior of t hese  a l loys .  
This is perhaps t o  be expected s ince  t h e  r eac t ion  of C r  with oxygen and n i t rogen  
is a complex process.  The weight-change da ta  r e f l e c t  not only weight ga in  due 
t o  oxidat ion of t h e  a l l o y  t o  form C r a 0 3 ,  but  weight l o s s  due t o  oxidat ion of 
Cra03 t o  t h e  v o l a t i l e  oxide CrOa a t  higher  temperatures(30p31).  
reflect t h e  degree of adherence of t h e  su r face  oxide,  a s  d i scussed  previously,  
which i n  tu rn  c o n t r o l s  t h e  rate of n i t rogen  absorpt ion by t h e  underlying a l l o y .  
Not only a r e  t h e r e  competing r eac t ions  involved i n  a i r  oxidat ion of C r ,  b u t  a 
number of f a c t o r s  have been i n t e n t i o n a l l y  var ied  i n  t h i s  series of r a t h e r  
complex alloys.  It is not un l ike ly  t h a t  a comparable number, for example 
d i f f e rences  i n  trace impur i t ies  and degree of recovery i n  annealing p r i o r  t o  
t e s t i n g  (which could  a f f e c t  i n t e r s t i t i a l  d i f fus ion  r a t e s  and thus  contamination 
in  tests at the  lower temperatures) ,  have var ied  i n  an uncontrol led manner. 
Nevertheless ,  c e r t a i n  t r ends  are apparent i n  the  da t a  and should be noted 
here .  

They also 

In  t h e  Cr-Y a l l o y s  with addi t ions  of Mo or W ,  a r e s idua l  Y content  of 
about .12% appears t o  be s u f f i c i e n t  t o  prevent severe  n i t r i d a t i o n  i n  
100 hours a t  2100°F, bu t  a higher  l e v e l  of a t  least 0.19% is required at 
2400'F. 
b u t  not i n  CP-'I. 

Even at  t h i s  I? l e v e l  t he re  is some dlurface hardening i n  t h e  CI -5  a l l o y ,  
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Of the alloys containing dispersed phases, those stabilized by Hf or Zr 
are resistant to nitridation at 2100'F even with Y contents as low as 0.02% 
(for example CI-21, CI-23, CI-34, and CI-37). Several of the alloys contain- 
ing HfC (CI-35, CI-49, CII-50, CI-51) exhibit no nitride after the 2400'F 
exposure when rare-earth contents are in the range 0.09 to 0.18%. It would 
appear from comparison of these data with those obtained in Alloys CI-27, 
which has only Hf and Z r  addition and no C, or with CI-23, which contains 
(Hf, Zr)B, that the presence of relatively large and widely spaced Hf-rich 
carbide particles has a beneficial effect on contamination resistance at 
2400'F. As discussed previously in Section 5 ,  this behavior is thought to 
be related to the scavenging effect of such carbides in which 0 and N have a 
high solubility. The size and interparticle spacing are sufficiently large 
that the HfC particles are not rapidly saturated by the gaseous contaminants, 
provided that an adherent oxide is maintained. Although the rare-earth-type 
additions appear to be the primary factor in the control of oxide adherence, 
it may be possible that Hf(and Zr) assist in the promotion of protective scales. 
This could result either from increased plasticity of the oxide due to their 
dissolution in C r z Q ,  thereby increasing the critical thickness at which spal- 
ling occurs, or in the case of coarse carbides formed by these additions, from 
these particles serving to anchor" the CrZOa3 as suggested by the micrographs 
in Figure 11. 

1 7  

All of the alloys containing (Zr,Ti)C dispersions form continuous nitride 
layers and are hardened to considerable depths during air exposure at 2400'F 
and, with the exception of the carbon-free alloy CI-26, are hardened to a much 
lower depth at 1500'F. Oxidation behavior of these alloys at 2100°F, however, 
is rather erratic and does not correlate well with residual Y concentration. 
The CI-30 alloy, in which the Y content of 0.15% is the highest of the Cr-4Mo- 
(Zr,Ti)C series, shows the lowest weight gain and the least hardening. 
other Cr-Y-ZTC alloys at 0, 4, and 6 atomic percent Mo show little dependence 
of 2100'F air oxidation characteristics on retained Y levels in the range 0,02 
to 0.09%. Weight gains range from less than 1 .O to nearly 10 mg/cm2. 
of the ten alloys of this type form continuous nitride layers at 2100'F. The 
others are all hardened, but by less than 100 DPH. Formation of nitride layers 
beneath the surface oxide invariably increases the hardness to at least 900 DPH 
and usually to greater than 1200 bPH, while much less severe hardening is asso- 
ciated with nitrogen dissolution or interaction with dispersed phases. Although 
some of the (Zr,Ti)C alloys with residual Y levels of 0.05% and below exhibit 
low weight gains and mild hardening of the latter type at 2100°F:, it would 
appear that Y concentrations of at least 0.1% Y are required to reproducibly 
provide adequate 100-hour oxidation resistance in such compositions at 2100'F. 

The 

Three 

Each alloy with a Ti content above 0.2% exhibited intergranular oxidation 
at 2100'F as noted in Table 25 and illustrated in Figure 29E. 
however, cannot account for the somewhat erratic results encountered in the 
(Zr,Ti)C alloys discussed above, since one such alloy (CI-31) did not form a 
continuous nitride layer whereas one with a low Ti content (CI-32) suffered 
fairly extensive nitridation. 

This behavior, 
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In alloys which contain Cb or Ta as the major dispersion-stabilizing addi- 
tion, Y at the levels employed in this series is not effective in providing 
resistance to rapid attack during air oxidation at either 2100 or 2400OF. 
Earlier results indicated that still higher concentrations are equally ineffec- 
tive, as discussed in Section 5.4. 
presented in Sections 5.6 through 5.9, combined additions of Y and La were made 
to several such alloys with Ta or Cb in the later stages of the induction- 
melted series. Some of these also contained Zr or Hf in order to determine 
whether the beneficial effects of these elements could be retained in more 
complex compositions. The data recorded in Table 25 demonstrate that, provided 
the residual Y and La content is above about O.l2%, alloys containing Cb-rich 
or Ta-rich secondary phases have relatively low weight gains and are only 
moderately hardened in 100-hour air exposures at 2100OF. This represents 
considerable improvement over similar alloys with Y alone. 
of thi.s type shows rapid scaling and formation of extensive nitride layers in 
shorter exposures at 2400°F, even at rare-earth concentrations above 0.2%. Since 
the quite low strengths at 2400'F appear to limit the potential usefulness of 
carbide-strengthened Cr alloys to lower temperatures, the oxidation behavior 
at 2100'F is probably of greater practical significance. 

Based on the results on arc-melted buttons 

However, each alloy 

The oxidation behavior of the Cr-Re alloys is also worthy of note. At a 
concentration of 35 atomic percent Re, which is near the terminal solubility in 
Cr, oxidation at each test temperature results in precipitation of sigma phase 
in the matrix beneath the CqCg scale. This results from depletion of the Cr 
content in this region, since Cr oxidized by outward cation diffusion through 
the scale. Although no nitrides are observed after air exposures over the 
temperature range investigated here, this formation of sigma phase is in itself 
highly embrittling. The Cr-4Re alloys, both the ternary composition CI-16 and 
(21-48 with a (Ta,Hf)C dispersion, are also rather resistant to nitridation and, 
at least through the exposure times included in this study, show no evidence of 
sigma formation. 

7. EFFECTS OF THERMOMECHANICAL HISTORY 
ON THE PROPERTIES OF SELECTED ALLOYS 

7.1 Thermomechanical Processing 

Based on the earlier observation that concentrations of about 4 atomic % 
Mo appeared to result in the best balance of properties, a series of such.alloys 
containing the most effective Group IV and V solutes with and without boron 
additions were prepared and evaluated to provide comparison with alloys with 
Carbon compositions and comparative tensile properties are shown in Table 26. 
Stress-rupture behavior is presented in Table 27 for some of these alloys, in 
addition to further results from earlier alloys not shown in Table 24, 

The alloys with B, particularly those containing Cb or Ta, appeared 
promising but processing was rather difficult. The following tabulation com- 
pares critical mechanical behavior of the several systems that were considered 
for ar somewhat more detailed @valuation of processing effects. 
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ttive Properties of Alloys 
lered for Processing Study 

12.5 

17.5* 

600°F 127.0 I (13.0) 
1900'F 70.3 
2100aF -- 
2400°F 20.9 

* After creep-aging at 1900°F, the values of DBTT and 2100°F/100-hour 
rupture strength are approximately 400'F and 22,500 psi, respectively. I 
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X-ray diffraction analyses were completed on phases electrolytically 
extracted from several of the B-containing alloys. In each case, the major 
phase is the hexagonal diboride m. With one exception, in which ZrQ with 
lattice pgrameters very near the accepted values for that phgse (a = 3.18 4, 
c = 3.53 A in the alloy vs. ASTM index values of a, = 3.169 A, co = 3.530 A)  
was observed, these phases appear to be solutions of at least two diborides. 
Some evidence of partial transformation to cubic monoborides was noted after 
aging at 2000'F. Electron microscopy of such alloys shows a dual distribution 
of particle sizes,most of them being quite Jarge (greater than lU in diameter) 
with a very fine dispersion (less than 500 A diameter) appearing in a some- 
what banded distribution. 

Although several attempts were made to hot and/or warm work heats con- 
taining borides, most of the thermomechanical study was confined to the alloys 
shown in Tables 28 and 29. Screening work was confined to examination of the 
effects of variations in the working schedule. on the DBTT and on tensile 
behavior at 2100OF. 

Solution annealing of the ingots prior to extrusion resulted in considerably 
improved workability during subsequent swaging. From the data presented in 
Tables 28 and 29, it would also appear that prior annealing of the castings is 
effective with respect to mechanical properties and, further, that such treat- 
ments applied at intermediate stages of final processing also result in somewhat 
higher strengths at elevated temperatures. Effects on DBTT are also positive. 

7.2 Effects of Prestrain 

Experiments to determine the effects of prestraining at low temperatures in 
the ductile region on subsequent ductile-brittle transition behavior were 
initiated on recrystallized samples of the dispersion-strengthened CI-58 
alloys. 
study since the matrix in this case contains interstitially dissolved carbon 
and nitrogen in equilibrium with the reactive solute Cb. The transition 
temperature of this alloy in the virgin recrystallized condition was established 
at 600°F, with yield and ultimate strengths of 51,000 and 82,000 psi, respec- 
tively, at this temperature. Several other recrystallized specimens with gauge 
lengths of 1.10" were prestrained approximately 3% (2.78 to 3.11%) at 700°F, 
then the central 0.5" lengths were ground and electropolished to ensure that 
plastic flow in the following test sequence would take place in the prestrained 
section and not in unstrained shoulder radii. The test sequence began at 600'F 
and continued downward in decrements of 100°F until fracture occurred at a 

A Cr-4Mo composition with a Db(C,N) dispersion was chosen for this 

strain of less than 3%. .".,, 
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The virgin CBTT of approximately 600°F was not appreciably altered by 
3% prestrain at 700°F. This behavior may have been at least partly due to 
a relatively high strain-hardening exponent, n, defined by the relationship 
o = k En where 8 and 8 are the true stress and true strain, respectively. 
An average value of n = 0.21 was measured in prestraining at 700°F, during 
which the nominal flow stress increased from 52,000 psi at a strain of 0.2% 
to 76,000 psi at 3% elongation. 
duplicate samples fractured at less than 1% elongation at stresses of 78,300 
and 81,400 psi and at room temperature a third sample failed at 85,000 psi 
without macroscopic plastic flow. These experiments were then repeated after 
prestraining at 1200"F, where the freshly formed dislocations may be more 
mobile than those generated at 700°F, with little effect on properties at lower 
temperatures. However, extremely pronounced serrated flow was observed at 
1200°F. Further tensile testing in the temperature range of 1000 to 1400°F 
confirms that this phenomenon exists over that entire range and is associated 
with negative strain-rate sensitivity (a decreasing flow stress with increasing 
strain rate, as discussed for other types of materials by Wilcox and Rosenfield. 
Although it is not presently known over how many orders of magnitude of strain 
rate that this behavior persists, it could possibly lead to improved work- 
ability in any future exploitation of Cr alloys. 

- 

Upon subsequent restraining at 600°F, 

The first alloys rupture tested at 1900°F, those without dispersions or 
with relatively ineffective dispersions, had given rather low results, with 
lives that indicated that the 100-hour rupture strengths were less than 40% 
of the yield strengths at this temperature as shown in Tables 24 and 27. 
This fraction is significantly lower than that observed in the C-207 alloy 
developed prior to this contract, in which the 100-hour rupture strength was 
on the order of 50% of the yield strength at 1800 and 1900°F. Tests were there- 
fore initiated on one of the alloys in the present series that has a reasonably 
fine dispersion, the Cr-4Mo-Y-Cb (C,N) alloy CI-58. The first test, conducted 
in the stress-relieved condition, gave a rupture life of 29.3 hours at 25,000 
psi (40% YS) - - a result comparable to those from weaker alloys at similar 
fractions of their yield strengths. Since the finest dispersions have been 
observed after small amounts of strain at 1900 to 2100"F, it was decided to 
precreep a second specimen of this alloy at lower stresses at 1900°F, then to 
observe the behavior as the stress was increased to higher values. This speci- 
men was initially loaded at 12,000 psi, then after establishing reasonably 
linear creep, the stress was raised in increments of 1000 psi to 2000 psi to a 
final level of 28,000 psi. Under these conditions, a total creep exposure of 
about 380 hours was imposed, with 160 hours at 28,000 psi, and over 200 hours 
at stresses above the earlier 30-hour rupture strength. This behavior suggests 
strain-enhanced precipitation or interaction with the dislocation array. 

A similar treatment was applied to both the CI-33 and CI-70 alloys, with 
the results shown in the following tabulation: 
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Effects of Creep-Aging* at 1900'F and 2100OF 
Step-Loaded as Shown 

Alloy 

CI-58 

Stress Life 
(ksi) (hrs. 1 

11.0 138.10 

24.0 22.0 
26.0 23.6. 
28.0 160.05 (no failure) 

33.0 @ 0 = 13.0 to 23.0 ksi 

8.5 15.9 
20.0 26.7 
27.5 15.0 (37.6% elongation) 

12.5 22.0 
15.0 85.5 
17.5 25.1 
20.0 82.6 
22.5 94.7 Total Time 310 hours 

In this instance, the same prestrain at 1900'F was quite effective 
in promoting low-temperature ductility. After such treatment of three 
samples, the apparent DBTT was decreased from 600 to about 400'F based on 
5% reduction of area. Although intermediate-temperature strain is of 
little benefit, the present approach could have merit. 

7.3 Properties at High Strain Rates 

As an indication of the risk involved in sudden stressing of Cr 
alloys at low temperatures, bri+,tle fracture data were generated at tempera- 
tures well below the DBTT. In alloys (CI-61 and CI-72) with a DBTT of about 
500°F, extrapolation of yield and ultimate strengths from temperatures of 
400 to 600'F indicates expected fracture strengths of 69,000 psi and 110,000 
psi, respectively, near O°F in the "ductilized" condition (ground + stress 
relieved + electropolished). In order to exaggerate the effects, all of the 
present tests were made without electropolishing, and some specimens were 
tested both without stress relief (S.R.) and after 24 hours air oxidation at 
2100'F. Strain rates ranging from 1.0 to 2000% per minute were employed. 
Representative results, with the data normalized to the strength of the latter 
alloy, are summarized as follows: 
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Condition 

Stress Relieved and 
Electropolished 

9s Ground 

Ground + Air 
Oxidized 2100°F/24 hrs. 

Fracture Strc 

Test T 
(OF) 

-100 
75 
75 
75 
75 
400 
600 

-100 
-100 
-100 
-100 

75 
75 
75 

800 
800 
800 

75 
75 
75 
800 

rth of Chromium Al lovs**  

Strain Rate 
(%/mine 1 * 

2.0 
2.0 
20.0 
200.0 
2000 e 0 

2.0 
2.0 

2.0 
20.0 
200.0 
2000.0 

2.0 
200.0 
2000 ~ 0 

20.0 
200.0 
2000.0 

2.0 
200.0 
2000.0 
200.0 

Fracture Stress 
(ksi) 

(110.0) 
(110 s 0) 
113.2 
102.1 
46.7 
107.0 
118.5 

57.0 
55.2 
23.8 
1.7 

105.1 
29.7 
7.5 

103.0 
81.5 
34.3 

47.6 
10.6 
2.9 

118.2 

Elong . 
(%I 

(0.0) 
(0.0) 
0.0 
0.0 
0.0 
3.4 
5.3 

0.0 
0.0 
0.0 
0.0 

0.0 
0.0 
0.0 

7.0 
4.9 
0.0 

0.0 
0.0 
0.0 
4.4 

* In the elastic region, strain rates can be related to stress application rates 
Since E = 40 x 106 psi, 

2000%/min. = 13,000,000 psi per second 

200%/min. = 1,300,000 psi per second, etc. 

** All data were normalized to the strength of (21-72. 

It is clear that "prewarming" of components will be quite effective 
in preventing fracture at extremely low stresses, but even at stressing rates 
of over 106 psi per second, proper control of the residual stresses appears 
to be equally effective. 

Micro-Izod impact tests were also conducted on several selected alloys. 
Specimens of 0.225" overall diameter, with center sections ground on a radius 
of 1.375" to a minimum diameter of 0.l50" at mid-length, were employed in this 
work. In the original study of titanium alloys using this type of specimen 
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(ASTM Special  Publ icat ion No. 204) it was found t h a t  impact energ ies  
measured i n  inch-pounds by t h i s  technique are e s s e n t i a l l y  equal t o  values 
from standard charpy tests i n  foot-pounds, It i s  not known tha t  the same 
re l a t ionsh ip  would hold f o r  these chromium al loys,  but the ratio should 
probably be near t h i s  value based on the  respec t ive  cross-sect ional  areas 
of t h e  specimens. Results are shown i n  Table 30. The values of t e n s i l e  
DBTT measured earlier i n  t h e  same thermomechanical condi t ions are presented 
f o r  comparison e 

I n  general, impact t r a n s i t i o n  temperatures are 250 t o  400F above 
values measured i n  slow-strain-rate t e n s i l e  tests. The one exception is 
t h e  single-phase a l loy  containing 35 atomic percent Re, which w a s  q u i t e  
d u c t i l e  i n  impact at -2OOF. This  behavior repltesents l a rge  improvement 
over r e s u l t s  measured severa l  years ago at Battelle, where a s i m i l a r  Cr-Re 
a l loy  containing s m a l l  amounts of sigma phase w a s  br i t t le  i n  notch impact 
w e l l  above room temperature i n  both t h e  wrought and recrystallized condi- 
ti on6 . 

Based on the  exce l l en t  impact p rope r t i e s  reported here for Cr-35Re3 
micro-Izod tests were conducted on t w o  alloys w i t h  much lower R e  concen- 
t r a t i o n s .  Resul t s  from tests i n  t h e  swaged and s t ress - re l ieved  condi t ion 
are tabula ted  below, w i t h  Cr-35Re for comparison: 

Cr-4Re-0 JY 

C r  -4Re-0 3T a-O.3Hf -0.4C 

CA-2 

* D i d  not f r a c t u r e  

200 
600 

200 
600 

-200 
-100 
75 
76 
75 

0 e 5  
3.4 

3.1 
43.2* 

43.9* 
43.2* 
43 O* 

128.6* 
183.4* 

The  lat ter a l loy  was d u c t i l e  i n  slow s t r a i n  rate t e n s i l e  t e s t i n g  at 
room temperature. 
which re ta ined  i t s  very low DBTT even i n  impact, C r  a l loys  w i t h  l o w  R e  l e v e l s  
p a r a l l e l  a l l  o ther  C r  a l loys  s tud ied  i n  that they s u f f e r  an increase  of 
severa l  hundred degrees Fahrenheit  i n  their t r a n s i t i o n  behavior upon 
increas ing  t h e  s t r a i n  rate by orders  of magnitude, The extremely d u c t i l e  
behavior appears t o  be confined t o  a l loys  containing sigma-forming s o l u t e s  
a t  concentrat ions near  the s o l u b i l i t y  l i m i t ,  

Unlike t h e  high pur i ty  are melted Cr-35Re composition, 
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8. DUCTILITY OF A SELECTED DILUTE ALLOY 

Work on t h e  f i n a l  phase of t h e  cont rac t  w a s  confined t o  t h e  r a t h e r  
low-strength but n i t r i d a t i o n  r e s i s t a n t  a l loy  Cr-O,lY-O,05Hf-O.O3I’h, 
designated CI-203. The reasons f o r  continued in te res t  i n  t h i s  a l loy  are 
t ha t ,  under normal s t r a i n  rates and with reasonably smooth surfaces ,  it 
i s  d u c t i l e  i n  tens ion  a t  room temperature and it retains a r e l a t i v e l y  
low DBTT a f t e r  extended a i r  oxidat ion a t  e leva ted  temperatures. 
it has been shown i n  o ther  C r  a l loys  t h a t  sudden s t r e s s i n g  a t  temperatures 
below t h e  DBTT can l ead  t o  f r a c t u r e  a t  stresses of less than 1% of t h e  
expected y i e ld  s t r eng th  as t h e  s t r a in  rate increases,’ as shown i n  sec t ion  7,s. 
This  behavior i s  p a r t i c u l a r l y  pronounced i n  the  case of specimens containing 
sur face  stress concentrat ions imposed by machining or by n i t r i d a t i o n .  Since 
such f r a g i l i t y  would be highly detr imental  i n  use of t h e  Cr-Y-Hf-ITh a l loy  
i n  appl ica t ions  such as cladding, i ts low temperature p rope r t i e s  as a func- 
t i o n  of s t r a i n  rate and sur face  condi t ion w e r e  examined. The sal ient  results 
are summarized below: 

However, 

Condition 

A s  Ground 

Ground f S .Re 

Ductil ized* 

* Ground + stre 

T e s t  
(OF) 

-100 
75 

200 
75 

200 
75 

200 
400 
600 

-1 00 
75 
75 
75 
75 

200 
400 

-100 
75 
75 
a5 

200 
400 
500 

1000 
1500 

S t r a i n  R a t e  
(%/mi n e 1 

2.0 
2 -0 
2.0 

200 .o 
200 .o 

2,000.0 
2,000.0 
2,000.0 
2,000.0 

2 e o  
2 .o 

20 .o 
200 .o 

2,000.0 
2,000 .o 
2,000 .o 

2 .o 
2 00 

20 .o 
2,000 .o 
2,000 -0 
2,000 .o 

2.0 
2 .a0 
2 00 

Frac ture  S t r e s s  
(ks i )  

30.6 
46 -2 
53,2 
22.4 
29,8 
21.2 
26 -4 
41.6 
54 ,O 

42.7 
50.9 
49 -2 
45.5 
30.2 
46.1 
53 .O 

52 -0) 
52 .O 
57.2 
39.1 
49.6 
54,5 
35 ,o 
40.9 
31.4 

1 re l ieved  (S ,R -1 + electroDolished 

Approx. DBTT 

150 2 lOOF 

500 2 lOOF 

+ 300 - lOOF 

50F 
< 75F 

300 2 lOOF 

82.0% RA 
87*1% RA 
95,0% RA . 
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9. CONCLUSIONS 

1. Complex chromium alloys were successfully induction melted, cast, 
extruded, and swaged to 0.25" bar stock. Interstitial impurity contents 
were maintained below 200 ppm total by revised consolidation techniques. 
Single-phase alloys with additions of 4 atomic percent Mo or W were 
processed without undue difficulty, but major solute concentrations of 
6 and 8 atomic percent made necessary an intermediate working operation 
(impact extrusion) in order to produce even a limited supply of bar 
stock, as did complex dispersions based on combinations of carbides, 
borides, and silicides even at major solute concentrations of 4 atomic 
percent. 

2.  Several dilute carbide-containing and boride-containing alloys exhibited 
considerable ductility at room temperature and measurable plastic flow 
at O°F and below in both the wrought and fully recrystallized conditions. 
Depending on the nature of the dispersion, some such alloys combined this 
low-temperature ductility with tensile strengths as high as 35,000 to 
40,000 psi at 1900'F. 
carbide alloys increased the tensile strength at 1900°F to the range 
60,000 to 70,000 psi but raised the CBTT to at least 300 to 400'F. 
the carbide-strengthened Cr-4Mo alloys, the best combinations of proper- 
ties were obtained by CbC or TaC dispersions. A Cr-4Mo-O.GCb-0.4C 
alloy had 100-hour rupture strengths above 15,000 psi at 2100°F in both 
the wrought and recrystallized conditions, and a tensile DBTT of 350 to 
400OF. 
2400OF. 

Addition of 4 atomic percent Mo to the dispersed- 

Of 

Poor creep-rupture behavior was observed in all alloys tested at 

3. The highest strengths were observed in Cr-6W and Cr-4W (Ta,Hf) alloys, 
both of which had tensile strengths above 80,000 and 30,000 psi at 1900 
and 2400°F, respectively. The tensile CBTT, however, was 700°F or above. 
W is definitely superior to Mo with respect to strengthening, particularly 
at 2400°F, but has a more adverse effect on workability and low-temperature 
ductility. Dilute Re additions were relatively ineffective in elevated- 
temperature strengthening, but room-temperature ductility was measured in 
a Cr-4Re- (Ta,Hf )C alloy. 
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4, Resistance t o  oxidat ion and n i t r i d a t i o n  w a s  shown t o  be a t t r a c t i v e  i n  
Cr-Y or Cr-Mo-Y a l loys  with Hf-rich or Zr-rich carbides  at temperatures 
through 2400F. The binary Cr-35Re a l loy  had exce l len t  a i r  oxidat ion 
resis tance,  although sigma phase was formed beneath t h e  scale due t o  
C r  deplet ion during oxidation. 
air oxidation behavior a t  R e  l eve ls  as low as 4 t o  8 atomic percent.  

D i l u t e  Cr-Re-Y a l loys  showed promising 

5.  Cr-Y or more complex a l l o y s  with CbC, TaC, and T i c  addi t ions  had f i n e l y  
dispersed carbides  and exhib i ted  a t t r a c t i v e  s t r eng th  c h a r a c t e r i s t i c s ,  
The oxidation-ni t r i d a t i o n  r e s i s t ance  of such al loys,  however, w a s  markedly 
i n f e r i o r  t o  those with HfC or Z r C  d ispers ions .  
requi re  a more e f f e c t i v e  means of preventing ni t rogen embrittlement than 
tha t  afforded by Y a 

Thei r  r e l i a b l e  use w i l l  

6 .  Additions of La or of La plus Y were shown t o  be q u i t e  e f f e c t i v e  i n  
preventing n i t r i d a t i o n  i n  complex a l loys  containing carbides  as w e l l  as 
i n  simple Cr-La and Cr-Mo-La compositions. Somewhat higher concentra- 
t i o n s  of L a  were required i n  order t o  promote n i t r i d a t i o n  r e s i s t ance  
i n  a l loys  with CbC or TaC d ispers ions  than i n  alloys with Zr-rich carbides,  
and were e f f e c t i v e  only through 2100F i n  t h e  former. Because of low 
s o l u b i l i t y  i n  Cr,  some evidence of a r a t h e r  low e u t e c t i c  temperature, 
and a high r e a c t i v i t y  with Z r O  
a l loys  were encountered, but izs bene f i c i a l  e f f e c t  m air  oxidat ion 
behavior i s  pronounced. 

crucibles ,  problems i n  consol idat ing L a  

7, No a t t r a c t i v e  compositions were i d e n t i f i e d  i n  t h e  C r - C b S i  sys t em or its 
binary components. Cr-Si-Y a l loys  were r a t h e r  b r i t t l e  and the  poor a i r  
oxidation r e s i s t ance  of Cr-Cb-Y a l loys  was still evident a f t e r  addi t ion  of S i ,  

8. Subs t i t u t ion  of Co f o r  much of t h e  R e  i n  d u c t i l e  Cr-35Re a l loys  r e su l t ed  
i n  cold workabi l i ty  i n  single-phase a l loys  i n  t h e  cast condition. These 
Cr-Re-Co compositions, however, were subjec t  t o  profuse sigma p r e c i p i t a t i o n  
and consequent embrit t lement upon aging at 1600 t o  1800F due t o  a rap id  
decrease i n  the  Co solvus with decreasing temperature. 
do not appear t o  be p rac t i ca l ,  and low-Re a l loys  t h a t  showed some t e n s i l e  
d u c t i l i t y  at room temperature were r a t h e r  poor i n  impact, 

Such alloys,  therefore ,  

9, Solut ion annealing of t h e  precipi ta t ion-strengthened a l loy  sys tems s tudied 
here, both of t h e  ingo t s  and as an intermediate  s t e p  i n  hot/warm working, 
i s  bene f i c i a l  t o  both s t r eng th  and d u c t i l i t y ,  Creep aging, i n  which 
samples w e r e  s t r a i n e d  a very s m a l l  amount using qu i t e  low stresses a t  
19OOF, was bene f i c i a l  t o  s t ress - rupture  s t r eng th  and t o  a lesser exten t  
improved t h e  DIML"I: 
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10,  Several  r a t h e r  d i l u t e  a l l o y s  exh ib i t ed  r a t h e r  a t t r a c t i v e  behavior 
at high s t r a i n  rates, wi th  some of them r e t a i n i n g  about 50% of t h e i r  
low-stra 'n-rate  f r a c t u r e  s t r eng ths  even a t  elastic loading rates 
above 10 p s i  per  second, B 
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TABLE 3 

Cr-W-V ALLOY COMPOSITIONS AND METALLOGRAPHIC DATA 

Alloy 
Composition (At. %) * 2900°F, 2 H r s .  + 1800°F, 200 H r s .  

DPH S t ruc tu re  r,rK S t ruc tu re  
I - V - W - 

4.9 

7:13 

10 .0  

5.1 

4.8 

7.3 

7.8 

7.6 

10.1 

10.3 

10.1 

5.1 

9 . 6  

4.7 

10.4 

15.5 

10 '1  

15.6 

20.3 

313 Single  Phase 

321 

417 

3 58 

3 58 

387 

44 4 

417 

4 53 

4 58 

448 

I 1  

1 1  

II 

11  

11  

I t  

11  

11  

1 7  

I 1  

329 

321 

429 

337 

346 

405 

418 

438 

4 59 

479 

482 

* Calculated from charge weights and 'weignt 
changes dur ing  melt ing.  

S ingle  Piiase 
1 1  

2 - Pkase 

S ing le  Phase 

2 - Phase 

S ing le  Phase 

2 - Phase 
,I 

11  

11  
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TABLE 4 

COMPOSITIONS AND METALLOGRAPHIC OBSERVATIONS IN 
Cr-Re-Co AND Cr-Ru-Co ALLOYS 

Composition (At. %> 
co 

5.7 

2:5 

4.9 

5.2 

7.5 

5.1 

10.4 

5.6 

11.5 

17.2 

23.1 

5.2 

10.5 

4.8 

9.7 

14.5 

4.5 

9.5 

- Re 

30.2 

25.6 

24.8 

20.4 

18.9 

15.3 

14.2 

10.9 

11.0 

11.0 

11.1 

6.7 

6.7 

8.4 

8.5 

8.5 

5.5 

P 

- 

Metallographic Observations 
2750°F. 2 H r s .  + 1650°F. 100 Hrs. 
Structure 

2 - Phase 
Single Phase 

11 11 

(I 11 

I t  11 

11  11 

I t  11  

I 1  I 1  

11  I 1  

11 I t  

I 1  II 

I t  1 1  

11  1 1  

I t  11  

I t  11  

11  1 1  

I t  I t  

1 1  11  

477 

365 

43 9 

46 5 

52 4 

453 

564 

465 

580 

62 5 

670 

448 

57 0 

442 

531 

580 

42 0 

52 4 

DPH * - Structure 

2 - Phase 
Single Phase 

Slight Ppt. 
11 1 1  

II 11  

Single Phase 

Slight Ppt . 
Single Phase 

Slight Ppt. 

Approx. 50% Sigma 

Approx. 80% Sigma 

Single Phase 

Slight Ppt. 

Single Phase 

Approx. 10% Sigma 

Approx. 40% Sigma 

Single Phase 

Slight Ppt. 

487 

371 

439 

43 5 

51 5 

430 

571 

462 

59 1 

804 

9 57 

443 

584 

434 

50 4 

674 

42 6 

514 

* Diamond Pyramid Hardness, 1 Kg Load. 
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L E 5  

Nominal 

me, 0.1Y 

4Re, 0 . 5 9  

$Re, 0,1Y 

8Re, 0.5Y 

mu, 0,lY 

mu, 0.5Y 

E o ,  0.1Y 

4e0, 0.5Y 

Total  N e t  - -  Total  N e t  
_I_ _b 

0.84 

0.87 

1.81 

0,76 

0.60 

1.15 

0.65 

1.0? 

3,63 3.59 

3.87 3.83 

6.23 6.06 

0.87 0.79 

4.02 3.26 

4.97 4.73 

1.17 -3 e 56 

5.28 4.75 

4.3 

2.05 

11.1 

1.2 

2.17 

6.67 

0.84 

8.15 

3.8 

1.63 

9.8 

0.53 

-14.5 

1 .21  

-15.0 

2.2 

N e t  weight change denotes the t o t a l  weight gain 
less the  weight of the  loose oxide. 

a 
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TABLE 6 

EPFECTB OF BOLUTEEl FROM GROUPB IV-A AND V-A 
W TXE AIR OXIDATION OF Cr-Y-C W Y 8  

Morinal Composition 

or-. w 
Cr-. 511-. 1Y 
Or-, 5H-. 2Y 

Cr-.eMI-.4C 
Cr-. SM-. 4C-. 1Y 

Cr-. bM-=.4C-.BY 

Cr-lN-.4C 
Cr-1M-. 4C-. 1Y 

Or-1Y-. 4C-, PY 

100-Hour Weight Gain 
ffc 
L 

Zr 

18.9 13,3 16.1 

N " Z  - 
2.7 1.4 a.8 

14.2 4.6 8.a 

a.3 a. s 1.9 

4.6 3.0 5.7 

4.8 3.9 4.0 

11.0 3.7 6.6 

a. B 3.0 2.3 

8.3 2.a 3.4 

(pser/cmg 1 
V 
II 

.m 

i a . 8  

13.1 
- 
3.0 

1.8 

10,P 

8.4 

a.3 

at 1 1 0 0 Y  
Ta - Cb - 

21.3 19.3 

1a.a 14.2 

ao.8 17.8 

18.1 1a.e 

11.3 11.4 

10.0 13.3 

33.1 

a4.5 13.9 
1a.s - 

a The 100-hour welight gain8 of unalloyed Cr  and 
Cr-,1Y :re 13.7 and 2.0 mg/cma,  reepectively, 
at aim P. 
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a) ominal Comp. 
(At. %I 

C r  -2TC 

Cr-Zrn- * 2Lsc 

Gr-ZTe-.  5Pr 

Cr-ZTC-. 

Cr-ZTC-. 5MluI 

Cr-6be-, 2Lo 

Grebe-. 5La 

CrlebC- ,  2Pr 

Cr- .  2La 

Cr- .  5La 

Temp. 
I__ ('Fl 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1600 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1900 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1508 
2180 
2400 

Weight Gain (mg/cma 
Tot a1 

~ 

0.31 
2.5 
7.5 

0.30 
0.20 
0.40 

0.26 
0.75 
0.70 

0.27 
0.86 
1.3 

0.48 
1.5 
1.9 

0.39 
1.5 
1.9 

0.67 
1.2 
2.0 

0.54 
7.1 

67.0 c'-20.0 

N e t  

0.31 

___. 

-3.2 
-6.7 

0.30 
0.20 

-0.6 

0.26 
0 .  75 
0 .  70 

0.27 
0.86 
0.80 

0.48 
1.5 
1.9 

0.39 
1.5 
1.9 

0.67 
1.2 
2.0 

0.54 
4.3 

0,04 0.04 
0 0 
0.9 0.5 

0.22 0.22 
5.2 5.2 
6.7 -23.0 

0. 
6.7 
3*8 
0.10 
0.98 
1,3 

0.26 
.03 
.5 

a) 

b) 

C) 

0 ,  '98 
6 ,  
3e2 

0.10 
0.98 
1.3 

0.26 

283 
1332 
1226 

251 
2 47 
225 

2 70 
2 27 
230 

281 
276 
233 

322 
247 
227 

2 78 
2 54 
2 51 

281 
264 
221 

297 
630 

1560 

2 58 
247 
2 60 

2 51 
288 

19 50 

281 
10 
16 

281 
25 
251 

196 
183 
197 

160 
138 
143 

249 
2 52 
202 

200 
178 
179 

206 
212 
199' 

224 
2 54 
179 

239 
196 
170 

241 
178 
186 

236 
199 
192 

207 
189 

1452 

236 
22 1 
192 

251 
230 
199 

2148 
192 
292 

233 
198 
184 

198 
189 
160 

201 
150 
137 

ZTC = .4Zr-,2Ti-.4C 

= mischmetal 

No n i t r i d i n g  a t  1500.F 

Specimen badly cracked. 

Ira) Comments 

Thick surface n i t p .  
a t  21OOB and 2400 F. 

L i t t l e  or no 

No n i t r i d i n g  a t  any T. 

Small am't. i n t e r  
n i t r i d e  a t  2100' 

N o  n i t r id ing .  

some IG n i t r i d e  a t  2100%, 
t h i n  layer  a t  24008F. 

Small am't IG n i t r ide .  

Extensive n i t r id ing .  

L i t t l e  or no n i t r id ing .  

Extenaive n i t r id ing ,  

L i t t l e  or no n i t r i d e ;  
th ick  i r r egu la r  oxide 

No n i t r id ing  or inc ip ien t  
melting e 

No n i t r i d i n g ,  b 
melting at 2100 

i n  any al loy.  
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TABLE 13 

EFFECTS OF La AND Y ON THE 2100°F OXIDATION 

OF CHROMIUM ALLOYS WITH TaC DISPERSIONS 

Nominal 

(At. %) W t .  Gain (mg/cm2) Inc ip i en t  
Y 

Compositiona 2100'F - 100 Hour 

La To ta l  N e t  Subsurf ace Condit ionb Melting - - 
- .. 

0.1  - 
0 . 1  ... 

0.2 - 
0.2 

0.1 0.1 

0.2 0.1 

' 0 . 1  0 . 2  

0 . 2  0 . 2  

- 0.3 

0.3 0.1 

0.1 0.3 
0.4 - 

- 

0.4 

0.3 0.3 

- 

18.8 

13.7 

15.4 

8.0 

4.4 

7.9 

4.2 

6.7 

10.2 

3.0 

7 . 2  

4.8 

12.3 

7.9 

7.0 

- 5.8 
- 1.2 
6.9 

- 4.6 
2.9 

6.2 

4.0 

6.4 

8.9 

3.8 

6.8 

4.6 

12.0 

7.9 

7 . 0  

Thick (. 005") n i t r i d e  layer 

Thick (. 003") n i t r i d e  l a y e r  

Thick (. 003") n i t r i d e  layer 

I r r e g u l a r  ( a 001-. 003") n i t r i d e  

Thin (.OOl") layer ,  I G  n i t r i d e  

No l a y e r ,  I G  n i t r i d e  

S l i g h t  I G  n i t r i d e  

S l i g h t  I G  n i t r i d e  

No n i t r i d e ;  I G  oxide 

No n i t r i d e  or oxide 

I G  oxide 

No  n i t r i d e  or oxide 

Heavy I G  oxide 

No n i t r i d e  o r  oxide 

No n i t r i d e ;  I G  oxide 

No 

No 

No 

No 

S l igh t?  

No 

No 

No? 

S l i g h t  

Yes 

No 

Y e s  

No 

Yes 

YeE 

a - Base composition Cr-.6Ta-.4C 

b - Refers  t o  s t r u c t u r e  beneath any 
adherent sur f  ace oxide. 
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Alloy 
Designation 

CI -1 
CI-2 
CI-3 
CI -4 
CI-5 
CI -6 
CI-7 
CI-8 
CI-9 
CI -10 
"CI-11 
"(21-12 
"CI-13 
CI-14 
CI-15 
CI-16 
CI -17 
CI-18 
CI-19 
CI-20 
CI-21 
CI-22 
CI -23 
CI-24 
"CI-25 
CI-26 
CI-27 
(21-28 
CI-29 
CI -30 
CI-31 
CI -32 
CI-33 
CI-34 
CI-35 
CI-36 
CI -37 
CI -38 
CI-39 
C 1-40 
CI-41 
CI -42 
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TABLE 17 

COMPOSITIONS OF EXPERIMENTAL CHROMIUM ALLOYS 

Nominal Composition 
(Atomic %) 

Cr-. 1Y 
Cr-.ZY 
Cr-. 1Y-. 05Hf-. 03Th 
Cr-4Mo-. 1Y 
Cr -6Mo-. 1Y 
Cr-8Mo-. 1Y 
Cr-4W-. 1Y 
Cr-6W-. 1Y 
Cr-4Mo-2W-. 1Y 
Cr-6Mo-2W-. 1Y 
Cr-4V-. 1Y 
Cr-1OV-. 1Y 
Cr-20V-. 1Y 
Cr-lOV-4Mo-. 1Y 
Cr-lOV-4W-. 1Y 
Cr-me-. 1Y 
Cr-4Co-. 1Y 
Cr-8Co-. 1Y 
Cr- ,05Y-. 4Zr - .2Ti - ,4C 
Cr - .1Y- .4Zr-. 2Ti - .4C 
Cr-. 05Y-. 3Hf -. 3Zr-. 4C 
Cr-.O5Y-.4Zr-.2Ti-.4E3 
Cr-.O5Y-.3Hf-.3Zr-.4Eii 
Cr-. 05Y-. 4Ta-. 2Zr-. 4Ei 
Cr-4Mo-.05Y-4Zr-.2Ti 
Cr-4Mo-. 1Y-. 4Zr-. 2Ti 
Cr-4Mo-. 1Y-. 3Hf -. 3Zr 
Cr-4Mo-. 1Y-.05Hf-.03Th 
Cr-4Mo-.05Y-. 4Zr-.2Ti-.4C 
Cr-4Mo-. lY-.4Zr-.2Ti-.4C 
Cr-4Mo-. 05Y-. 5Zr-.25Ti-. 4C 
Cr-4Mo-.05Y-.3Zr-. 15Ti-. 4C 
Cr-4Mo-.05Y-. 6Ti-. 4C 
Cr -4Mo - . 0 5Y - .6Zr - .4C 
Cr -4Mo- 05Y-. 6Hf - e 4C 
Cr-4Mo-.05Y-. 6Cb-.4C 
Cr-4Mo-. 05Y-.3Hf -.3Zr-. 4C 
Cr-4Mo-.05Y-. 6Zr-.3Ti-. 6C 
Cr-4Mo-.05Y-.2Zr-. 1Ti-.2C 
Cr-4Mo-.05Y-. 4Ta-.2Zr-. 4C 
Cr-4Mo-. 05Y-. 6Ta-. 4C 
Cr-4Mo-. 05Y-. 4Cb- e 2Zr-. 4C 

! ' .  

N 

77 
104 
92 
133 
72 
87 
89 
89 
76 
99 

_I 

- 
- 
- 
86 
87 
99 
61 
67 
81 
72 
74 
92 
76 
88 

97 
89 
85 
93 
100 
71 
79 
68 
86 
13 
80 
55 
86 
91 
63 
53 
46 

- 

Gas Content 
( PPd 

O H  
up- 

120 10 
69 13 
25 11 
37 8 
35 6 
19 5 
28 13 
29 7 
22 8 
29 6 
- - 
- - .. 
- - 
60 7 
58 7 
60 5 
41 7 
86 10 
38 5 
24 6 
21 11 
20 7 
19 8 
23 8 

34 12 
18 17 
31 6 
26 11 
12 13 
18 13 
20 9 
16 12 
18 15 
52 8 
77 5 
43 12 
70 16 
13 12 
13 12 
36 2 
19 3 

- - 

Approx. Analysis a 

(Wt. %) 
Y - 
.13 
.25 
.13 
.15 
.19 
.13 
.19 
.09 
.15 
.15 - 
- 
- 
.13 
.02 

<. 02 
.07 
.13 

<. 02 
.07 

<. 02 
<. 02 
.08 
.08 

.os 

.14 

.03 

.05 

.15 

.05 

.09 

.05 

.03 

.09 

.05 
<. 02 
05 
.07 
.05 
.07 
.07 

- 

ZX - 
.07 
.07 
.08 
.06 
.10 
. os 

<. 02 
.16 
.07 
.07 
- 
- 
- 
.06 
.08 

<. 02 
.06 
* 04 

>. 40 
>. 40 
>. 40 
>. 40 
>. 40 
-. 25 - 

>. 40 
>. 40 
<. 02 
>. 40 
>. 40 
>* 40 
.28 
.06 

>. 40 
.03 
.06 

>.40 
1.09 
.42 
.a 
.06 
.31 



TABLE 17 (CONCL'D) 

Alloy 
Designation 

CI -43 
CI -44 
C 1-45 
CI-46 
CI -47 
CI-48 
C 1-49 
CI -50 
C 1-51 
CI-52 
CI-53 
CI-54 
CI-55 
CI-56 
CI-57 
CI-58 
CI-59 
C 1-60 
CI-61 
CA-1 
CA-2 

Nominal Composition 
(Atomic %) 

Cr-4Mo-.4Cb-.2Zr-. 4C-.2La 
Cr-6Mo-. 4Zr-.2Ti-.4C-.05Y 
Cr-4W-. 3Ta-. 3Hf-. 4C-. 15(Y+La) 
Cr-2Mo-2W-. 3Ta-. 3Hf-. 4C-. 15(Y+La) 
Cr-2Mo-2W-. 6Ta-. 4C-. 15(Y+La) 
Cr-4Re-.3Ta-.3Hf -,4C-. 15(Y+La) 
Cr -2Mo-2W-. 6Hf - .4C - .15 (Y+La) 
Cr-. 6Hf -. 4C-. 15(Y+La) 
Cr-. 6Hf -. 03Th-. 4C-. 1OY 
Cr-5W-2 OV- .15 (Y+La) 
Cr-2W-2. Xb-l.5Si-. 15(Y+La) 
Cr -4Mo-. 6Ta-. 4Hf - .8C -, 15 (Y+Ld) 
Cr-4Mo-.4Ta-.2Hf-.B-. 15(Y+La) 
Cr-4Mo-,3Ta-.3Hf-.ZC-.2B-. 15(Y+La) 
Cr -4Mo-. 8Hf - .2B - .2C - .2S i- .15 (Y+La) 
Cr-4Mo-. 6Cb-.2C-.2N-. 13(Y+La) 
Cr -4Mo - .8C b - .2C - .2N-. 2B - .15 (Y +La ) 
Cr-4Mo-. 3Ta-. 3Ti-. 4C-. 15(Y+La) 
Cr-4Mo-. 3Cb-.3Ti-.4C-. 15(Y+La) 
Unalloyed Cr (extruded) 
Cr -3 5Re 

Gas Content 

N O H  
( PPm) 

-- 
89 134 
*63 13 
68 26 
74 26 
82 146 
36 37 
53 9 
80 32 
73 22 
87 84 
88 43 
50 41 
45 23 
46 16 
34 26 
318 39 
366 92 
24 64 
37 121 
10 17 

<lo 48 

~~ - 
5 
12 
3 
9 
1 
6 
11 
7 
8 
8 
4 
6 
7 
6 
5 
5 
5 
6 
8 
2 
3 

a Approx. Analysis 
(Wt. %) 
Y La -- 
- C.03 

-05 - 
c.013 e.03 
.051 .OS6 

<. 01 .06 
.03 .05 
.095 .OS9 
.08 .05 
.13 - 
.014 ,059 
.IO .06 
.09 .11 
.09 .09 
.06 .08 
.04 .08 
.07 * 10 
.04 .08 
.058 .15 
.041 .08 - - 

a From quantitative x-ray emission. 

"Dropped from program, not melted. 
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TABLE 18 

EXTRUSION DATA - CHROMIUM ALLOYS REDUCED 

FROM 2-1/8" TO 3/4" DIAMETER 

Extrusion Glass* Extrusion Force (Tons) Speed 
Temp (OF) Lubricant _I_ Upset Average (in/sec 

C I - 1  
CI-2 
CI-3 
CI-4 
CI-5 
CI-6 
CI-7 
C I - 8  
C I  -9 
CI-10 
CI-14 
CI-15 
CI-16 
CI-17 
C I - 1 8  
CI-19 
CI-20 
CI-21 
CI-22 
CI-23 
CI-24 
CI-24 
CI-26 
CI-27 
C I  -28 
CI-29 
CI-30 
CI-31 
C 1-32 
C 1-33 
CI-34 
CI-35 
CI-36 
C I  -37 
C I  -38 
CI-39 
C 1-40 
C 1-41 
C 1-42 
CI-43 

2000 
2000 
2000 
2700 
2700 
2750 
2750 
2750 
2750 
2750 
2700 
2700 
2750 
2 500 
2 500 
2200 
2200 
2200 
2200 
2200 
2200 
2400 
2 700 
27 50 
2750 
2 700 
2750 
2 750 
2750 
2750 
2750 
2700 . 
2750 
2700 
2750 
2750 
2750 
2750 
2750 
2750 

7052 
70 52 
70 52 
7740 
7740 
7052 
7740 
7740 
7740 
7 740 
7740 
1720 
7052 
7052 
70 52 
70 52 
7052 
70 52 
9774 
8378 
70 52 
0010 
7740 
7052 
7052 
70 52 
70 52 
7052 
7052 
70 52 
70 52 
7740 
7052 
7740 
7052 
7052 
7052 
7052 
7052 
7052 

150 150 
17 5 175 
150 130 
225 190 
2 50 200 
2 50 2 50 
2 00 200 
200 180 
200 ,180 
2 60 225 
22 5 175 
210 210 
2 00 200 
175 160 
175 160 
175 175 
150 12 5 
135 100 
225 200 
175 175 

200 200 (re-run) 
235 200 
200 200 
175 175 
200 200 
200 200 
17 5 175 
200 200 
225 22 5 
180 180 
235 2 00 
200 200 
2 50 220 
2 00 2 00 
17 5 17 5 
17 5 175 
22 5 22 5 
22 5 22 5 
2 60 2 60 

S t a l l e d  (temp. too law) 

3 
2 
2.5 
2.5 
2 .5  
2 . 5  
2.5 
3 
3 
2 
2 .5  
2 . 5  
4 
2.5 
2 . 5  
2 .5  
3 
2 .5  
5 
2 . 5  

4.5 
2 
2 
3 
2 . 5  
2 
2 . 5  
3 

- 

3.5 
2 
4 

3 
2 
4 
2 . 5  
2 . 5  

- 

- 
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Alloy 

CI-44 
CI-45 
C I  -46 
C 1-47 
C I  -48 
C I  -49 
CI-50 
CI-51 
CI-52 
CI-53 
CI-54 
C I - 5 5  
C 1-56 
C I  -57 
C I - 5 8  
CI-59 
CI-60 
CI-61 

Extrusion 
T e m D  (OF) 

2750 
2750 
2750 
2750 
2750 
2750 
2200 
2200 
2750 
2750 
2750 
2750 
2750 
2750 
2750 
2750 
2750 
2750 

Glass* 
Lubricant 

Extrusion Force (Tons) 
U m e t  Average 

70 52 
7052 
7052 
7052 
70 52 
70 52 
7052 
70 52 
7052 
7052 
70 52 
7052 
7052 
7052 
7052 
7052 
7052 
7052 

Record N o t  Available 
280 S t a l l  
210 160 
240 
190 170 
210 200-22 5 
150 150 
135 12 5 
220 210 
220 180-240 
175 140 
240 220 
2 40 2 00 
230 200 
230 2 10 
27 5 2 50 
2 14 189 
32 5 277 

220 -S t a1 1 

Speed 
( i d s e e )  

- 
2 .5  
3 .5  
2 
4 . 5  
2 . 5  
3 
3 
2 .5  
1.5 
3 
2 .5  
2 
2 .5  
2 .5  

4 
4 

- 

* Corning Designation 
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TABLE 19 

Alloy 

C I - 1  
CI-2 
C I  -3 
CI-4 
C I  -5 
C I  -6 
CI-7 
C I  -8 
CI-9 
CI-10 
CI-14 

, CI-15 
C I  -16 
C 1-17 
C I - 1 8  
C I  -19 
CI-20 
CI-21 
C I  -22 
C I  -23 
CI-24 
CI-26 
C I  -2? 
C 1-28 
CI-29 
CI-30 
CI-31 
CI-32 
C I  -33 
C I  -34 
CI-35 
CI-36 
CI-37 
C I - 3 8  
CI-39 
C 1-40 
CI-41 

__.__ 

76 

EFFECT OF PROCESSING ON THE MICROHARDNESS AND 

RECRYSTALLIZATION OF CHROMIUM ALLOYS 

Nominal Composition 
( A t .  %) 

~~ ~~-~~ ~ 

C r - .  1 Y  
Cr-.2Y 
Cr-.lY-.05Hf-.03Th 
Cr-4Mo-. 1 Y  
Cr-6Mo-. 1 Y  * 
C r  -8Mo-. 1 Y  * 
Cr-4W-. 1 Y  
Cr-GW- ~ 1 Y  * 
Cr-4Mo-2W-. 1 Y  * 
Cr-lOV-No-. 1y * 
Cr-lOV-4W-. 1 Y  * 
Cr-me-. 1 Y  
Cr-4Co-. 1 Y  
Cr-8Co-. 1 Y  * 
C r - .  05Y-. 4 2 ~ .  2Ti-. 4C 
Cr - .  1Y- .  4Zr-.2Ti-. 4C 
Cr-.05Y-.3Hf-.3Zr-04C 
C r -  05Y- 4Zr -. 2Ti - .4B 
Cr-.05Y-.3Hf-s3Zr-.4B 
C r - .  05Y-, 4Ta-.2Zr-. 4B 
Cr-4Mo-. 1Y- .  4Zr-.2Ti 
Cr-4Mo-. 1Y-.3Hf -. 3Zr 
Cr-4Mo-. 1 Y  -. 05Hf -. 03Th 
Cr-4Mo-. 05Y-. 4Zr-. 2Ti-. 4C 
Cr-4Mo-. 1Y- .  4Zr-.2Ti-.4C 
Cr-4Mo-. 05Y-. 5Zr-. 25Ti-. 4C 
Cr-4Mo-. 05Y-. 3Zr-. 15Ti-. 4C 
Cr-4Mo-. 05Y-. 6Ti-. 4C 
Cr-4Mo-. 05Y-. 6Zr-. 4C 
Cr-4Mo-. 05Y-. 6Hf -. 4C 
Cr-4Mo-.05Y-. 6Cb-.4C 
C ~ - ~ M O - . Q ~ Y - . ~ E € - . ~ Z ~ - . ~ C  
Cr-4Mo-. 05Y-. 6Zr-3Ti-. 6C 
Cr-4Mo-. 05Y-.2Zr-. 1 T i - .  2C 
Cr-4Mo-. 05Y-. 4Ta-. 2Zr-. 4C 
Cr-4Mo-. 05Y-. 6Ta-. 4C 

C ~ - ~ M O - ~ W - .  1 Y  * 

Diamond Pyramid 
Hardness (kg/mm" )a  

Cast Extruded Swaged 
__II 

101 
111 
115 
2 51 
330 
345 
297 
307 
339 
3 78 
310 
313 
183 
330 
493 
137 
128 
134 
122 
116 
158 
2 79 
2 41 
283 
2 60 
2 74 
236 
261 
287 
266 
292 
274 
296 
2 83 
287 
260 
280 

156 
165 
142 
268 
306 
3 53 
299 
371 
332 
333 
40 1 
3 49 
2 40 
336 
52 4 
166 
136 
146 
157 
150 
198 
283 
296 
2 68 
265 
280 
286 
289 
327 
311 
2 74 
322 
2 83 
2 92 
274 
277 
333 

177 
172 
22 1 
325 
332" - * 
3 58* 
398 
3 50" 
374" 
395* 
3 70" 
2 74 
3 53 

191 
188 
175 
190 
2 06 
206 
296 
3 02 
2 76 
309 
293 
345 
283 
3 69 
311 
316 
376 
316 
3 56 
306 
283 
3 63 

* - 

Swaging 
Temp. 
(OF) 

1900 
1900 
1900 
2100 
22 50 

22 50 
2300 
22 50 
2300 
2200 
22 50 
22 50 
2200 

2000 
2000 
2 000 
2000 
2000 
2200 
2200 
2200 
2200 
2200 
22 50 
2200 
2250 
2200 
2200 
2200 
22 50 
2200 
22 50 
2200 
22 50 
22 50 

- 

RX 
Temp. (b) 

(OF) 
P 

1900 
1950 
1900 
2000 
2150 

2100 
2200 
2200 
2300 
22 50 
2300 
2100 
2000 

2 000 
19 50 
2050 
2000 
2100 
2050 
2100 
2100 
2050 
2150 
2100. 
2150 
2100 
22 50 
2100 
2050 
2450 
2200 
2150 
2050 
2250 
2350 

- 

- 



TABLE 19 (CONCL'D) 

Diamond Pyramid Swaging R X  
Nominal Composition Hardness (kg/mm2 la Temp Temp' ' 

( O F )  - Cast Extruded Swaged ( O F )  - Alloy (At. %I - 
CI -42 
CI-43 
CI-44" 
CI-45" 
CI -46 
CI-47 
CI-48 
(21-49 
CI-50 
CI -51 
CI-52 
CI -53" 
C 1-54" 

CI-56" 
CI -57" 
(21-58 
CI-59" 
CI -60 
CI -61 
CA-1 
CA -2 

CI -55" 

Cr-4Mo-.05Y-.4Cb-.2Zr-.4C 2 79 
Cr-4Mo-. 2La-. 4Cb-. 2Zr -. 4C 2 62 
Cr -6Mo-. 4Zr-. 2Ti-. 4C-. 05Y 338 
Cr-4W-. 3Ta-. 3Hf -. 4C-. 15(Y+La) 294 
Cr-2Mo-2W-. 3Ta-. 3Hf -. 4C-. 15(Y+La) 287 
Cr-2Mo-2W-. 6Ta-. 4C-. 15(Y+La) 306 
Cr-Me-. 3Ta-. 3Hf -. 4C-. 15(Y+La) 227 
Cr-2Mo-2W-.6Hf-.4C-. 15(Y+La) 279 
C r - .  6Hf -. 4C-. 15(Y+La) 155 
Cr-.GHf-.O3Th-.4C-.lOY 142 
Cr-5W-20V-. 15 (Y+La) 3 82 
Cr-2W-2.5Cb-1.5Si-. 15(Y+La) 390 
CP-~MO-. 6Ta-. 4W-. 8C-. 15(Y+La) 296 
Cr-4Mo-. 4Ta-. 2Hf -. 4B-. 15(Y+La) 296 
C r  -4Mo- ~ 3Ta-, 3Mf - .2C-. 2B-. 1 5  (Y+La) 292 
Cr-4Mo-. 8Hf-.2B-.2C-.2Si-. 15(Y+La) 292 
Cr-4Mo-. 6Cb-. 2C-. 2N-. 15(Y+La) 306 
Cr-$Mo-. 8Cb-.2C-.2N-.2B-. 15(Y+La) 296 
Cr-4Mo-.3Ta-.3Ti-.4C-. 15(Y+La) 2 83 
Cr-4Mo-. 3Cb-. 3Ti-. 4C-. 15(Y+La) 283 

Cr-35Re 330 
Unalloyed Cr - 

311 
333 
283 
322 
322 
3 50 
2 43 
306 
146 
143 
397 
405 
296 
306 
301 
296 
333 
322 
279 
2 83 
134 

345 
338 
3 63* 
375* 
412 
428 
322 
3 56 
191 
193 
42 0 
- *  
369* 

351* 
311* 
322 

327 
383 
188 
43 7 

- *  

- *  

2300 
2350 
2200 
2250 
2150 
2150 
2150 
2100 
1900 
1900 
2100 

2350 

23 50 
2350 
2150 

2200 
2200 
1400 
2200 

- 

- 

-, 

a 

b 
2.5 kilogram load. 

Temperature f o r  approximately 50% 
recrystallization in one-hour annealing. 

Impact extruded at 2450°F/Argon prior to 
final swaging trials. 

* 

2300 
2300 
2200 
22 50 
22 50 
2300 
2150 
2200 
2 G 5 0  
2050 
2300 

2 .  .XI 

2 2 5 c  
2300 
1750 
2300 
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TABLE 20 

A l l o v  

CHEMICAL ANALYSIS OF REPRESENTATIVE ALLOYS AS A 

FUNCTION OF P O S I T I O N  I N  INGOT 

L o c a t  ion 

C I - 1  
( C r - . l Y )  

C I  -4 
(Cr-4MO-. 1 Y )  

CI-20 
(Cp-. 1Y-ZTC) 

CI-30 

TOP 
C e n t e r  
B o t t o m  

TOP 
C e n t e r  
B o t t o m  

TOP 
C e n t e r  
B o t t o m  

TOP 
(Cr-4Mo-. 1Y-ZTC) C e n t e r  

B o t t o m  

CI-36 TOP 
(Cr-4Mo-.05Y-CbC) B o t t o m  

C I - 4 1  TOP 
(Cr-4Mo-. 05Y-TaC) B o t t o m  

CA -2 TOP 
( C r - 3 5 R e )  C e n t e r  

B o t t o m  

A n a l y z e d  C o m p o s i t i o n  ( W t  %)* 
Y Mo Z r  T i  C 0 N O t h e r  

___. 

* 11 
a 13 
13 

.14 
* 14 
.16 

D 05 
0 05 
.06 

.14 

.15  
* 11 

06 
.05 

.07 
e 08 

ND 
ND 
ND 

* 

- 
ND 
ND 
ND 

6.80 
6.77 
6.86 

ND 
ND 
ND 

6.73 
6.85 
6.81 

7.05 
6.89 

6.85 
6.93 

ND 
ND 
ND 

I__. 

03 
.04 
.03 

.02 

.02 
04 

68 
.66 
.65 

67 
.70 
a 72 

06 
04 

0 05 
06 

ND 
ND 
ND 

- 
ND 
ND 
ND 

ND 
ND 
ND 

19 
.19 
.19 

.22 

.21 
0 22 

ND 
ND 

ND 
ND 

ND 
ND 
ND 

ND - N o t  detected, 

Al, Fe ,  N i ,  S i  and S 

_.__ 

.014 

.013 

.014 

.010 
e 014 
.012 

e 085 
.083 
.087 

084 
089 
085 

092 
.088 

.088 
-092 

.003 
004 
004 

contents  

.0107 

.0113 
0092 

~ 0042 
.0034 
a 0038 

.0038 
~ 0024 
.0032 

e 0023 
,0046 
0028 

0064 
.0072 

.0042 
~ 0047 

.0052 
e 0044 
.0040 

.0081 

.0072 

.0074 

.0106 

.0083 

.0091 

I 0064 
a 0080 
e 0075 

.0110 

.0085 

.0092 

.0081 

.0070 

.0061 

.0054 

0013 
.0015 
.0008 

are a l l  b e l o w  100 ppm i n  each sec t ion .  

H ana lyses  less than 10 ppm i n  
each section. 

- 
Trace C o  

- 

- 
- 

Trace C a  

- 
Trace C o  - 

0.95 C b  
0.97 C b  

1.80 T a  
1.73 T a  

64.4 R e  
63.8 R e  
64.7 R e  
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TABLE 23 

COMPARISON OF SELECTED TENSILE PROPERTIES OF CHROENUM ALLOYS 

IN THE STRESS-RELIEVED AND RECRYSTALLIZED CONDITIONS 

Nominal Composition 
(Atomic %) 

Cr- .lY 
Cr- .2Y 
Cr-.lY-.05Hf-.03Th 
Cr-4Mo-. 1Y 
Cr-GMo-.lY 
Cr-4W-. 1Y 
Cr- 6W- .lY 
Cr- 4Mo- ZW- .lY 
Cr- 6Mo- 2W- .lY 
Cr- 1OV- 4Mo- .lY 
Cr- 10V-4W-, 1Y 
Cr-4Re-. 1Y 
Cr-$Co-. 1Y 
Cr-.05Y-.4Zr-.ZTi-.4C 
Cr- .1Y- e 4Zr-. 2Ti- e 4C 
Cr- a 05Y-. 3Hf - .3Zr-. 4C 
Cr-.05Y-.4Zr-.ZTi-.4B 
Cr-.O5Y-.3Hf-.3Zr-.4€3 
Cr- .05Y-. 4Ta-. 2Zr- .4B 
Cr-4Mo-. 1Y- .4Zr-. 2Ti 
Cr-4Mo-.lY-.3Hf-.3Zr 
Cr-4Mo-.lY-.O5Hf-.Q3Th 
C~-~MO-.O~Y-.~Z~-.ZT~-.~C 
Cr-4Mo-. 1Y- .4Zr-. 2Ti- e 4C 
Cr-4Mo-. 05Y- 5Zr-. 25Ti-. 4C 
Cr-4Mo-. 05Y-. 3Zr- e 15Ti-. 4C 
Cr-4Mo-. 05Y- e 6Ti-. 4C 
C~-~MO-.O~Y-.~Z~-.~C 
Cr-mo-. 05Y-. 6Hf-, 4C 
Cr-4Mo- .05Y-. 6Cb- ~ 4C 
Cr-4Mo- e 05Y-. 3Hf-, 3Zr- e 4C 
Cr-4Mo-.05Y-.6Zr-3Ti-.6C 
Cr-4Mo-. 05Y-. 2Zr- .1Ti- .2C 
Cr-4Mo- 05Y- 4Ta-. 2Zr- 4C 
Cr-4Mo-. 05Y-. 6Ta-. 4C 
Cr-mo-. 05Y-. 4Cb-. 2Zr- .4C 

Tensi 
(k 

2400'F 
Avg. 

5.2 
4.2 
5.4 
17.2 
24.0 
23.8 
30.1 
23.3 
29.2 
21.0 
26.1 
12.3 
4.6 
7.6 
5.7 
5.7 
8.1 
8.5 
10.4 
19.1 
17.9 
17.2 
20.0 
19.0 
19.3 
16-9 
22.3 
20.5 
18.4 
20.4 
20.1 
19.8 
19.8 
21.3 
19.6 
20.2 

- t Strength 
.) at: 

S.R. 
190( 
I - 
12.4 
9.3 
19.9 
46.4 

63.6 
81.0 
54.5 

68.9 
67.2 
34.3 
21-7 
21.7 
15.1 
36.5 
35.7 
34.8 
44.3 
54.9 
52.8 
49.7 
56.4 
47.8 
46.7 
56.6 
59.0 
45.5 
58.2 
65.7 
61.0 
52.5 
50.3 
49.0 
61.5 
59.4 

- 

- 

F 
Rx 

11.5 
9.6 
13.2 
38.9 
48.5 
49.6 
60.2 
48.0 
57.3 
45.5 
51.7 
29.2 
18.9 
22.7 
14.3 
15.2 
25.2 
24.0 
28.3 
47.7 
48.2 
37.1 
45.7 
37.9 
45.3 
50.1 
49.4 
45.3 
45.8 
61.0 
50.3 
47.1 
49.4 
46.2 
61.9 

P 

- 

Approx. DBTT 
(" 

S.R. 

100 
100 
75 
300 

600 
- 
- 
- 
- 
400 
600 
45 0 

x o o  
25 
0 
0 
50 
100 
250 
600 
5 00 
400 
45 0 
600 
600 
500 
>600 
5 00 
5 00 
35 0 
400 
600 
500 
650 
45 0 
400 

1 

Rx 

125 
50 
50 
45 0 

700 

111 

- 
- 
- 
- 
600 
500 
500 

x o o  
50 
0 
50 
75 
100 
100 
700 
500 
500 
550 
500 
600 
45 0 
600 
600 
5 00 
400 
5 00 
600 
500 
400 
45 0 
- 
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TABU 23 (CQHCL'D) 

61-43 
CI-44 
CI-45 
CI-46 
CI-47 
CI-48 
CI-49 
CI-50 
CI-51 
CI-52 
CI-54 
CI-56 
CI-57 
CI-58 
CI-60 
CI-61 
CA-1 
CA- 2 
I___ 

Nominal Composition 
(Atomic %) 

Cr-4M0-.2La-.46b-,2Z.r-~4C 
Cr-6Mo- .4Zr- e 2Ti-. 46- 05Y 
Cr-4W- 3Ta-. 3Hf - .4C-. 15 (Y+La) 
Cr-2Mo- 2W- e 3Ta- a 3Hf - e 4C-. 15 (Y+La) 
Cr- 2Mo- 2W-. 6Ta- e e-. 15 (Y+La) 
Cr-4Re-. 3Ta-, 3Hf-. 4C-. 15 (Y+La) 
Cr-2Mo- my-. 6Hf - .4C-. 15 (Y+La) 
Cr -  .6Nf-. 4C- e 15 (Y+La) 
Cr-.GHf-.O3Th-.4C-.lOY 
Cr-5W- 20V-. 15 (Y+La) 
Cr-4Mo- .6Ta- e 4Hf-. 8C- e 15 (Y+La) 
Cr-4Mo- .3Ta-. 3Hf-. 2c- e 2B- .15 (Y+La) 
Cr-No- .8Hf-. 2B-. 2C-. 2Si- e 15 (Y+La) 
Cr-4Mo-.6Cb-.2C-.2N-.15(Y+La) 
Cr-4Mo- .3Ta- e 3Ti-. 4C-. 15 (Y+La) 
Cr-No- .3Cb-. 3Ti-, 4C- e 15 (Y+La) 
Unalloyed Cr 
Cr-35Re 

Tens i le  

2400'F 
(ks 

21.0 
27.0 
30.6 
20.5 
22.1 
14.9 
19.6 
5.5 
5.0 

29.4 
20.7 
22.3 
18.1 
20.8 
20.7 
19.4 

2.6 
22.1 

5 t rength  
) a t :  

1900°F 
S .R. 

58.8 
64.8 
84.1 
70.9 
70.3 
46.8 
46.9 
19.0 
18.6 
73.4 
68.2 
71.0 
58.2 
67.8 
45.2 
42.6 

7.0 
69.7 

____) 

- 

- 
R x  - 
e - - 

49.0 
62.2 
37.3 
47.8 
18.0 
17.5 
53.7 - - - 
54.0 
43.7 
46.8 

7.2 
53.6 
__I 

Approx. DBTT 
(OF) - 

S.R. 

35 0 
700 
700 
65 0 
500 

75 
400 

25 
- 25 
550 
700 
650 

550 
65 0 
5 00 
15 0 

G 200 

~ 

- 

82 



TABLE 24 

CREEP-RUPTURF PROPERTIES OF CHROMIUM ALLOYS 

A. REXRYSTALLIZED-ANNEALED 1 HOUR AT 2400°F 

Test 
Nominal Comp. Temp - A 1  loy (At. %) - (OF) 

CI-4 4M/lO-.1Y 

CI-7 4W-,lY 

CI-9 4Mo-Zw-. 1Y 

CI-19 .05Y-.4Zr-.ZTi-.4C 

CI- 21 .05Y- e 3Hf-. 3Zr-. 4C 

CI-22 .05Y-.4Zr-.ZTi-,4B 

CI- 26 4Mo- .1Y- .4Zr- a 2Ti 

CI- 27 4Mo- .1Y- .3Hf-, 3Zr 

CI-29 4Mo-.05Y-.4Zr-.ZTi-.4C 

CI-33 4Mo- .05Y- e 6Ti-. 4C 

CI-35 4M0-.05Y-.6Hf-.4C 

2100 
2100 
2100 
2400 
2400 

2100 
2100 
2100 

2100 
2100 

2100 
2100 
2100 

2100 
2100 

2100 
2100 

2100 
2100 

2100 
2100 

2100 
2100 

2100 
2100 
2400 
2400 
2400 

2100 

Stress 
(ksi) 

12;5 
10.0 
8.0 
5.0 
3.5 

15.0 
12.5 
10.0 

12.5 
10.0 

6.0 
5.0 
4.0 

6.0 
4.0 

8.0 
6.0 

12.5 
10.0 

12.5 
10.0 

12.5 
10.0 

15.0 
12.5 
6.5 
4,5 
4.0 

12.5 

MCR Life 
(%/hr) (hours) 

- 7.31 
0.045 53.5 
0.0073 231.4 

- 7.0 
0.24 31.7 

0.073 20.6 
0.038 67.2 
0.0058 305.2 

0.047 41.7 
0.011 184.6 

0.040 48.6 
0.019 152.9 
0,0061 2250 

- 14.6 
0.032 73.0 

- 21.4 
0.028 97.1 

- 21.3 
0.018 87.8 

- 11.2 
0.024 74.2 

0.031 58.1 
0.010 194.0 

0.040 35.9 
0.0092 210.6 

- 15.9 
0.28 35.4 
0.22 59.4 

- 9.70 

E long. 
(%I 

21.3 
17.5 
12.3 
16.0 
11.6 

30.4 
28.8 
19.3 

12.0 
8.6 

21.4 
11.1 
- 

38.5 
23.0 

18.3 
13.7 

23.6 
17.3 

22.6 
14.8 

19.0 
14.3 

27.5 
20.7 
88.0 
77.0 
57.0 

12.4 

83 



TABU 24 (CONCL'D) 

Test  
Nominal Comp. Temp S t r e s s  

(OF) (ks i )  (At, %I - 
Li fe  Elong. 

(hours) (%) 
MCR 

(%o/hr 1 Allov 

CI-36 &o- . 05Y- e 6Cb- a 4C 2100 17.5 
2100 15.0 
2400 6.5 ' 

2400 4.5 

0 e 042 
0.011 

0.17 
- 

30.6 31.4 
90.9 23.2 
22.4 77,o 

103.2 40.0 

61-37. 4Mo- e 05Y- 3Hf-. 3Zr- .  4C 2100 15.0 
2100 12.5 
2400 6.0 
2400 4.0 

9.72 29.4 
120.4 17.7 

6.2 36.0 
30.0 27.0 

- 
0.015 

0.50 
- 

CI-41 

CI-52 

CI-58 

4Mo- e 05Y-, 6Ta-. 4C 2100 15.0 
2100 15.0 

0 e 033 - 49.9 29.2 
17.6 32.8 

5W- 2OV- .15 (Y+La) 2100 15.0 
2400 5.0 

10.4 7.7 
8.2 7.0 

&0-6Cb-. 2C- .2N- .15 (Y+La) 2100 13.0 
2400 4.5 

0 e 030 
0.52 

53.9 44.0 
26.7 43.0 

B. STRESS RELIEVED-ANNEALED 1 HOUR AT 2000'F 

T e s t  
Temp S t r e s s  MCR L i fe  Elong. 
(OF) (KSI) (%/hr) (hours) (%) - 

Nominal Comp. 
(At. %) 

4Mo- e 05Y-. 6Ti-. 4C 

A 1  loy 

@I-33 

CI-36 

@I-37 

C I  - 41 

CI-58 

84 

2100 15,O 0.011 80.1 32.1 

~ M o -  05Y- 6Cb-, 4C 2100 17.5 0.013 62.2 38.4 
2100 15.0 0.0065 246.0 25.0 

4Mo-.05Y-.3Hf-.3Zr-.4C 

4Mo- 05Y-, 6Ta- 4C 

&o- . 6Cb- 2C- e 2N- e 15 (Y+La) 

2100 15.0 - 19.8 32.2 

2100 15.0 0.009 132 7 27.5 

2100 15.0 0.015 52.4 39,O 



TABLE 25 

SUMMARY OF AIR OXIDATION BEHAVIOR, WROUGHT CHROMIUM ALLOYS, 

A N N E U D  1 HOUR AT 2000°F 

A 1  lox Alloy Type 

C I - 1  Cr-Y 

CI-2 Cr-Y 

CI-3 Cr-Y-Th-Hf 

CI-4 Cr-4Mo-Y 

CI-5 Cr-6Mo-Y 

CI-6* Cr-8Mo-Y 

CI-7 Cr-4W-Y 

C I - 8  Cr-6W-Y 

CI-9 Cr-4Mo-2W-Y 

Retained 
Y + La 

(% 1 

e 13 

.25 

.13+ 

.15 

. I 9  

e 13 

.19 

e 09 

-15 

Temp 
( " F P  
P 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

15 00 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

15 00 
2100 
2400 

Total  
W t .  

Change 
(mg/cm2 

0.7 
2.3 

10.6 

0.3 
1.8 

25.1 

0.04 
1 .9  
1.9 

2.0 
0.06 
7.7 

0.5 
11.1 
-6.3 

0.3 
1.9 

43.9 

0 
4.7 
9.0 

1.2 
23.7 

6.3 

0.09 
7.6 

36.9 

Ni t r ide  Depth 
Layer Hardened 

(mi1s)b (mi1s)c 

0 
1- 4 
2.5 

0 
0 

1- 2 

0 
0 
0 

0 
0 

3-4(P) 

0 
0 
6 (PI 

0 
2 (IG) 

6- 8 

0 
0-4(P) 
0- 1 (P) 

0 
1.5(IG) 
1- 2 

0 
0 

2-3 (P) 

0 
1- 4 
4 

0 
0 
2 

0 
0 

0- 1 

0 
0 

4- 5 

2 
0 
6 

3 
4 
8- 10 

0 
0 

0- 1 

1 
22 
2 

4 
4 

2- 3 

Hardne s s 

164 
>loo0 

1500 

172 
20 1 

1500 

168 
201 
25 9 

346 
311 
85 0 

434 
395 
425 

47 0 
920 

15 00 

349 
37 2 
336 

389 
864 

1200 

427 
5 03 
47 2 

85 

164 
181 
15 6 

15 9 
186 
150 

15 6 
190 
170 

333 
305 
322 

393 
380 
35 8 

403 
420 
390 

333 
35 1 
342 

364 
383 
420 

368 
340 
360 



TABLE 25 (CONT'D) 

Tot a1 
W t .  

Change 
(mg/cm2) 

0.7 
7.4 
8.2 

1.8 
19.5 
55.7 

1 . 5  
34.0 
68.2 

0.4 
5.3 

37.2 

0.7 
1 .4  

14.9 

0 .3  
8.3 
1.3 

2 , o  
0.6 

37.2 

1 .9  
0.2 

15.3 

0.3 
0.4 

18.5 

0.05 
9.4 

27.1 

Hardness 
( DPH 1 

R e t  a ined 
Y + La 

Alloy - Alloy Type ( %) 

Nit r ide  Depth 
Layer Hardened 

(milslb (mi1s)c 
Temp 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

Surf. Core 
-___E. 

C I - 1 0 C r -6W -2Mo -Y .15 0 0 
0-1 (P) 3 
3-4(P) 4 

42 6 42 6 
462d 386 
5 52 40 1 

CI-14 Cr-1OV-4Mo-Y 

C I -1 5 C r  - lOV -4W -Y 

.13 0 0 

8 (PI 18 
1-3 (P) 7 

316 322 
49 3 364 
737 3 40 

D 02 444 3 77 
486 3 79 
492 471 

CI-16 Cr-4Re-Y 

(21-17 Cr-4Co-Y 

CI-18* Cr-8Co-Y 

.02 0 0 
2(IG) 6 
0 0 

268 2 54 
1200 245 
227 255 

.07 0 4 
10 ( IG) 12 
7(IG) 7 

379 3 52 
434 379 
462 386 

.13 0 0 
8-1 0 
1-2 (PI 2 

481 471 
53ad 426 
575 53 7 

0 3 
0-1 6-7 

14 23 

224 194 
227d 166 

1670 199 

CI-19 Cr-Y-(Zr ,Ti)C .02 

CI-20 Cr-Y-(Zr ,Ti)C 52 6 193 

1190 164 
217 163 

07 0 5 
0 3 -4 
5 8 

C I - 2 1  Cr-Y-(Hf ,Zr)C 

CI-22 Cr-Y-(Zr ,Ti)B 

.02 0 0 
0 0 

12 14 

189 184 ~ 

175 166 
1460 184 

.02 0 0 
1-2 4 
5-7 13 

194 186 
1190 149 
980 175 

86 



TABLE 25 (CONT 'D) 

Total  
W t .  N i t r ide  Depth 

Change Layer  Hardened 
(mg/cm2) (mils) (mils)c 

Hardness 
(DPH) 

Surf .  Core 
_ _ I _ _ _ -  

R e t  a ined 
Y + La 

Alloy s_l (%I 

CI-23 Cr-Y-(Hf ,Zr)B .08 

Temp 

- 
1500 
2100 
2400 

0.6 0 0 
25.4 0 2 
37.1 9 15 

192 182 
217 152 
893 182 

C I -2 4 C r -Y - (Ta , Z r  ) B .08 1500 
2100 
2400 

1 . 9  1-2 (IC) 3 
-13.8 1-2 20 
73.7 9-1 1 41 

301 214 
1200 192 
1220 184 

CI-26 Cr-4Mo-Y-Zr , T i  

CI-27 Cr-4Mo-Y-Hf , Z r  

CI-28 Cr-4Mo-Y ,Th,Hf 

CI-29 Cr-4Mo-Y-(Zr ,Ti)C 

CI-30 Cr-4Mo-Y-(Zr ,Ti)C 

.08 1500 
2100 
2400 

1 .6  0 0 
0 0 4 

18.4 2(10 IG) 12 

3 72 3 58 
40 1 316 

1073 386 

.14 1500 
2100 
2400 

0.03 0 3 
3.6 0 0 

37.2 3(12 IG) 18 

3 72 305 
346 322 

1106 32 7 

.03+ 1500 
2100 
2400 

2.5 0 5 
2.3 0 0 

12.6 0 2 

409 282 
301 2 82 
401 246 

.05 1500 
2100 
2 400 

3.6 
6 .5  

30.8 

0 4 
0-1 5 
3 -4 >50 

3 60 
481d 
92 0 

306 
31 1 
40 1 

* 15 1500 
2100 
2400 

0 5 
0 2 

1-6 (IG) 35 

0 .5  
2.6 

34.5 

346 
333 
800 

275 
302 
313 

.05 1500 
2100 
2 400 

CI-31 Cr-4Mo-Y-hi(Zr ,Ti)C 0 .3  
5.6 

38.1 

0 10 

3-10 (IG) 16 
0-1e 4 

492 
351d 

1050 

295 
304 
316 

CI-32 Cr-4Mo-Y-lo(Zr ,Ti)C .09 1500 
2100 
2400 

0 .4  
9.7 

14.7 

0 8 
0.5-1 6 

1-2 >50 

462 
1200 
1200 

316 
290 
395 

CI-33 Cr-4Mo-Y-Tic .05 1500 
2100 
2400 

1.1 
7.3 

25.0 

0 5 
2 -3e 10 

4 16 

480 
920 
93 5 

3 55 
340 
281 

87 



TABLE 25 (CONT'D) 

Total  
W t .  

Change 
( mg/cm2 

1.i 
5.2 

56.6 

2.5 
1.7 
8.0 

2.5 
16.1 
43.1 

0.3 
1.4 

20.0 

0.9 
8.1 

44.2 

0.08 
5.0 

33.4 

0-04  
1 , 3  

23.7 

0.4 
13.6 
35.6 

0.2 
29,O 
51.4 

0.9 
16.9 
52.2 

Hardness 
(DPH) 

Surf. Core 

Ni t r ide  Depth 
Layer Hardened 

(milslb (mi1s)c 

Retained 
Y + La 

Alloy P Alloy Type (%I 

C 1-34 Cr-4Mo -Y -ZrC .03 

Temp 

___I 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2 100 
2400 

1500 
2100 
2 400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
21 00 
2400 

0 0 
0 0 -2 

3(15 I G )  32 

322 32 7 
3 58 316 - 

1407 2 68 

C I  -3 5 C r  -4Mo -Y -Hf C .09 0 7 
0 0 -2 
0 0 

4 50 340 ~ 

333 303 
322 316 

CI-36 Cr-4Mo-Y-CbC 

CI-37 Cr-4Mo-Y-(Hf ,Zr)C 

CI-38 Cr-4Mo-Y-(Zr ,Ti)-hiC 

CI-39 Cr-4Mo-Y-(Zr ,Ti)loC 

* 05 0 8 
4 15 

5-7 19 

331 295 
1220 311 
1700 327 

02 0 2 -3 
0 0 

2(12 IC) 33 

401 3 72 
322 305 
717 340 

. 0 5  0 2 

12 
0-2 (IG) 2-6 
3 (8 IG) 

346 316 
37gd 327 

1200 29 5 

.07 0 10 
0 4 

4(12 I G )  30 

503 305 
42 6 33 5 

1187 290 

CI-40 Cr-4Mo-Y-(Ta,Zr)C 

C I -4 1 C r  -4Mo-Y -T aC 

.05 0 0 
0-2 (IG) 5 
4 (8 I G )  13 

295 295 
430d 290 

1200 281 

.07 0 6 
0.5-2 (IG) 4 

3 (7  IG) 8 

3 52 317 
1050 327 * 

800 319 

GI-42 Gr-4Mo-Y-(Cb ,Zr)C 

CI-43 Cr-4Mo-La-(Cb,Zr)C 

316 322 
1580 316 
1350 316 

.07 0 0 
6 15 

4 (28 IC) 45 

<. 03 0 2 
3 -5 13 

2 (13 I G )  22 

346 318 
9 50 298 

1048 333 

88 



TABLE 25 (CONT'D) 

P A 1  loy Alloy Type 

CI-44 Cr-GMo-Y-(Zr ,Ti)C 

CI-45 Cr-4W-(La+Y)-(Ta,Hf)C 

C I  -46 Cr-2W-2Mo- (LaqY) - (Ta , Hf )C 

(21-47 Cr-2W-2Mo-(La+Y) -TaC 

CI-48 Cr-&e-(La+Y) -(Ta,Hf)C 

CI-49 Cr-2W-2Mo-(La+Y) -HfC 

GI-50 Cr-(La+Y) -HfC 

CI-51 C r - Y  ,Th-HfC 

C I -52 C r  -2OV - 5W - (La+Y) 

CI-54 Cr-4Mo-(La-l-Y)-hi(Ta,Hf)C 

Retained 
Y + La 

(%I 

.05 

.04 

.14 

<. 07 

, 08  

.18 

.13 

.13+ 

.07 

.20 

Temp 
(OF)" - 
1500 
2100 
2 400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2 100 
2400 

1500 
2 100 
2400 

1500 
2100 
2400 

1500 
2100 
2400 

1500 
2100 
2 400 

1500 
2100 
2400 

Total  
W t .  

Change 
(mg/cm" 

0.2 
2.7 

32.4 

1.5 
28.3 
90.0 

0 .2  
3.8 

68.5 

0 .2  
18.1 

122.5 

0.2 
1.8 

24.2 

0.1 
1.1 
8.8 

0.5 
1.4 

15.5 

1.9 
13.9 
4.4 

0.7 
131.0 
143.0 

0.2 
14.6 
82.6 

Ni t r ide  Depth 
Layer Hardened 

(mils) (mi1s)c 

0 
0 

7-12 

0 
4 .5  
24 

0 
0 

>20 (IG) 

0 
1-2 

21 (IG) 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 

0 

0 
4(P) 
6 (P) 

0 

0-3 (IG) 

0-1 (IG) 

3 
0 

40 

2 
17 
40 

0 
3 

>60 

2 
45 
32 

2 
5 
4 

2 
7 
0 

2 
0 
6 

0 
6 
3 

3 
4 
8 

0 
5 

3-10 (IG) 20 

Hardness 
( DPH 1 

Surf 

43 4 
379 

1190 

3 79 
1575 
1635 

380 
409 

1700 

426 
1700 
1700 

346 
346 
340 

386 
418 
2 64 

2 48 
196 
42 6 

197 
364d 
272 

492 
409 
590 

340 
471d 
7 56 

s 

89 

Core 

343 
3 58 
340 

322 
389 
3 72 

386 
3 72 

1500 

3 79 
3 72 
364 

311 
295 
2 76 

346 
32 7 
3 40 

198 
184 
194 

182 
189 
160 

434 
3 64 
386 

3 52 
3 58 
3 40 

- 



TABLE 25 (CONCL'D) 

Tota l  
Retained W t .  N i t r ide  Depth Hardness 

Y + La Temp Change Layer Hardened ( DPH) 
( " F I ~  (mg/cm") (rni1s)b (mils)c Surf. Core - P _ _ p _ .  

Alloy PI__ Alloy Type (%I 

C I  -56 Cr-4Mo-(La+Y) -(Ta ,Hf )C ,B .14 1500 2.4 0 0 305 
2 100 11.2 0 5 409 
2400 25.6 8 45 1105 

CI-57 Cr-4Mo-(La+Y)-Hf (C ,B  ,S i )  .12 1500 2.5 0 0 3 58 
2100 1.1 0 5 3 72 
2400 39.1 0-2 (IG) 3 401d 

(21-58 Cr-4Mo-(La+Y)-Cb(C,N) .17 1500 0 .5  0 3 492 
2100 4 .7  0-1 (IG) 5 3 5gd 
2400 36.5 1-3 (IG) 10 1190 

CI-59* Cr-4Mo-(La+Y)-Cb(C ,N,B) .12 1500 - 0 0 351 

2 400 51.4 20 32 1460 
2100 6.8 0 .5  22 3 79d 

CI-60 Cr-4Mo-(La+Y)-(Ta ,Ti)C .21 1500 0 .7  0 3 3 60 
2100 7 .4  0e 1 340 
2400 65.3 6 11 946 

CI-61 Cr-4Mo-(La+Y) -(Cb ,Ti)C .12 1500 0 .5  0 6 342 
2100 6 .3  O e  4 311 

1048 2400 81.9 8 13 

CA-1 Unalloyed C r  0 1500 3.1 0 0 132 
2 100 6.9 2 -3 3 -4 1350 
2400 17.1 5 5 1200 

CA-2 Cr-35Re 0 1500 0.4 Of 0 43 5 
2100 3.2 0-4 0 40 1 
2400 6.2 Of 0 3 51 

* T e s t s  made on extruded specimens. A l l  o the r s  swaged. 
a 100-hour a i r  exposures at 1500' and 2100°F, 25 hours a t  2400'F. 
b Refers t o  thickness of sur face  n i t r i d e  layer  and/or: 

P - Prec ip i t a t ion  of Cr,N within g ra ins .  
I G  - In te rgranular  n i t r i d e .  

Depth of contaminatedzone which exceeds the  hardness of t h e  core  by g rea t e r  
than 25 points DPH, measured a t  100 gram load. 

d Hardness measured outs ide  n i t r i d e d  area. 
e In te rgranular  oxide. 

Sigma phase formed i n  Cr-depleted zone beneath oxide. 

90 

3 51 
358 - 
311 

336 
322 
351 

409 
305 
300 

346 
305 
364 

322 
316 
316 

305 
2 76 
316 

132 
149 
154 

432 
386 - 
348 



TABLE 26 

Designation 

CI-62 

C I  -63 

C I  -64 

C I  -65 

CI-66 

C I  -67 

CI-70(77) 

CI-71 

C I  -72 

COMPARATIVE MECHANICAL PROPERTIES OF 
SELECTED REXCTIVESOLUTE ALLQYS 

Solu te  

0.6Ti 

0.6Zr 

0.6Hf 

0.6Cb 

0.6Ta 

0.45Ti-0.333 

0.45Cb-0.3B 

0.45Ta-0.3B 

0 e Za-O.Zi -0.B 

Avg. Tens i le  Strengths (ks i )  
k900°F 

2400F 

13.5 

15.3 

15 .8 

22.2 

21.3 

- 
21 .6 

20.9 

Wrought Rx - 

53.2 51 .9 

42.2 44 -8, 

49.8 48 -4 

65.1 55 .O 

60.7 - 
40.3 - 
75.6 - 
70.3 - 
75.4 58.2 

600F 

90.6 

83.9 

95 .O 

98 .o 

106.8 

- 
118.5 

127 .O 

118.5 

DBTT <OF) 

500 

550 

500 

400 

X O O  

- 
600 

X O O  

450 

91 



Alloy 

C I  -3 
CI-16 
CI-19 
C I  -22 
C I  -26 
CI-30 
C I  -33 
C I  -37 
C I  -37 
C I  -48 
C I  -58 

C I  -22 
CI-47 
CI-65 
CI-66 

C I  - 70 
CI-71 
CI-72 
C I  -72 

CI-23 
C I  -34 
CI-47 
C I  -48 
C I  -65 
C I  -66 

C I  -72 

TABU 27 

ADDITIONAL RUPTURE PROPEKllIES 

A. S t r e s s  Rupture - S t r e s s  Relieved 

Nominal 
Composition 

Hf -Th 
R e  
Z r q i - C  
Zr-ITi-B 
Mo-Zr -IT i 
Mo-Zr-Ti-C 
Mo-T i -C 
Mo-Zr-Hf -C 
Mo-Zr-Hf-C 
R e  -T a-Hf -C 
Mo-Cb-N-C 

Z r  -T i -B 
Mo -W -T a s  
Mo-Cb 
Mo-Ta 

Mo-Cb-B 
Mo4a-B 
Moq i 4 C  a-B 
Mo-ITi Jl! a-B 

B. 

T e s t  
Temp. 
OF 

1900 
1900 
1900 
1900 
1900 
1900 
1900 
1900 
1900 
1900 
1900 

2100 
2100 
2100 
2100 

2100 
2100 
2100 
2100 

S t r e s s  
(ks i  1 

6 .O 
12 .o 
8 .O 

13 .O 
17.5 
17.0 
22.5 
27.5 
20 .o 
22.5 
25 .O 

5 e 0  
15 .O 
15 .O 
15  .O 

15 .O 
15 .O 
15 .O 
10 .o 

Li fe  
(hrs . 1 

88.7 
149.1 

0.1 
108 ;O 

32 -2 
28.2 
38.9 
9.2 

44 .O 
18.1 
29.3 

191.1 
40.6 
18.2 

Broke on 
Loading 
283.0 

14.8 
29.8 

135.2 

Creep Rupture - Recrystal l ized 

Elong 
(%I 

9 06 
6.9 

24.5 

16.8 
31.4 

22.3 
42.8 
21.4 

20 -2 
26 .3 
44 -1 

Zr-Hf -B 2100 8 .O 45.5 22 -0 
Mo-Zr-C 2100 15 .O 17 -4 23,9 
Mo-W-IT a-C 2100 15 .O 25.6 31.4 
R e  4' a-Hf -C 2100 15 ,O 14,4 16,7 
Mo-Cb 2100 15 141.9 1.1 
MoGa 21 00 15.0, Broke on 

Mo4i  *a-B 2100 15 .O 33.9 35 -0 
Loading 
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TABLE 28 

2100'F TENSIL;E PROPERTIES, PHASE RJI ALLOYS 

CI-73 (Cr-4Mo-CbC) 

C I  - 74 (Cr- 4Mo-TaC ) 

CI-  75 (Cr- 4Mo-Ta) 

Pre-Extrusion 
Condi t iona  

A 

Working 
Scheduleb 

2 

4 

1 

2 

3 

4 

5 

210( 
UTS 

(ks i )  

42.0 

- 
- 
- 

39.6 

45.4 

48.0 

54.5 

- 
40.1 

43.3 
- 

48.4 

50.2 

41.2 

32.0 

- 
34.4 

- 

F Tensi le  PI 
0.2% Offset  

(k s i )  

39.3 

37.2 

44.4 

41.0 

52.2 

34.4 

40.9 

46.5 

48.2 

37.1 

23.8 

33.8 

a)  A = as-cast  B = Cast plus so lu t ion  annealed, 2800'F 

b) Working schedules (swagging): 

(1) 5w0 a t  2500°F, f i n i s h  a t  2300'F 

(2) 50% a t  2500°F, f i n i s h  a t  2100'F 

(3) 50% a t  2500°F, f i n i s h  a t  1900'F 

(4) 50% a t  2500'F, anneal a t  2800'F, f i n i s h  a t  2100'F 

(5) 50% a t  2500°F, anneal a t  2800°F, f i n i s h  a t  1900'F 

perties 
E long. 

(%I 

27.2 
- 

35.2 

33.3 

26.8 

22.7 

- 
38.8 

0.6 
- 

18.3 

22.9 

6.0 

27.4 

- 
17.9 

- 

- 
RA 
(%I - 
72.4 

- 
88.9 

90.5 

66.2 

85.2 

- 
85.0 

1.5 
- 

59.4 

83.8 

6.0 

80.0 

- 
48.5 

- 
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TABU3 29 

LOW-TEMPERATURE TENSILE PROPERTIES, PHASE TNI 

Pre-E xtrusion 
Conditiona 

A 

B 

B 

B 

A 

B 

B 

B 

Working 
Schedule 

2 

2 

3 

4 

1 

2 

1 

3 

800°F YS 

83.8 

95.4 

101.0 

87.5 

76.2 

87.5 

52.0 

76.5 

DBTT(OF) 

400 

600 

45 0 

35 0 

800 

65 0 

600 

35 0 

a )  See Table 28 for de f in i t ion  of conditions and schedules 
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TABLE 30 

IMPACT PROPERTIES OF SELECTED CHROMIUM ALLOYS 

(Smooth Micro-Izod Specimens) 

Composition (a t  %) 
and Condition 

Unalloyed C r  
F in i sh  swaged 1300'F 
Annealed 1600'F 

Cr- 0.1Y- 0.05Hf - 0.03Th 

F in i sh  swaged 1900'F 
Annealed 2000°F 

Cr-4Mo-O.lY-O.4Zr-O.ZTi 
F in ish  swaged 2200'F 
Annealed 2000'F 

Cr- O.lY-O.03Th-0.6Hf -0.4C 

Fin ish  swaged 2100'F 
Annealed 2000'F 

Cr-4Mo-0.15 (Y+La)-O.6Hf 

Fin ish  swaged 2150'F 
Annealed 2000'F 

Cr-35Re 

F in i sh  swaged 2200'F 
Annealed 2000'F 

Test 
Temp 
(OF) - 
400 
5 00 
600 
7 00 

73 
200 
25 0 
300 
400 
600 

400 
5 00 
700 
900 

1100 

75 
200 
300 
400 
600 

400 
600 
700 
800 

- 200 
- 100 

75 
75a 
75a 

I mpac t 
Energy 
(In-Lb) 

1.2 
1.9 

37.3* 
43.2* 

1.7 
2.4 
1.7 

43.1* 
43.4* 
43.6* 

4.3 
2.6 

10.6 
13.6 
44.4* 

1.8 
2.4 

44.0* 
43.1* 
43.1* 

3.0 
5.0 
9.7 

42.8* 

43.9* 
43 e 2* 
43.0* 

128.6* 
183 4* 

Approx e 

DBTT 
(OF) 

550 2 50 
t e n s i l e  (150) 

275 i 25 
t e n s i l e  (50) 

1000 i 100 
t e n s i l e  (600) 

250 i 50 
t e n s i l e  (-25) 

750 f 50 
t e n s i l e  (500) 

-200 
t e n s i l e  (< -200) 

* Did not f r a c t u r e  

a 192 inch-pound tup  energy. A l l  o t h e r s  48 inch-pounds. 
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I 

A M-142 ~ r - 2 . 4 ~ i - . 3 5 t r -  .32C 

RUPTURE LIFE, HOURS 

Figure 1. Stress-Rupture Properties of Wrought, Carbide-Strengthened 
Chromium Alloys.  (Compositions in Weight Percent). 

96 



44 4 48 6 

A MILLER PARAMETE 

Figure 2. Stress-Rupture Properties of Wroupht Chromium A l l o y s  
Tested in Helium Atmosphere. (Compositions in Weight Percent). 
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A,. Cr-5.1W -5.1V 2 50X B. Cr-4.8W-9.W 2 50X 

C. Cr-10.3W-15.6V 2 50X D. Cr-lO.1W-20.3V 25 

Figure 3. Microstructures of Cr-W-V alloys aged 200 hours at 180Q'F. 
10% oxalic acid. 

Etched 
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Cr 5 10 15 

A t o m i c  % W 

Figure 4* Cr-rich corner of t h e  Cr-W-V equi l ibr ium diagram 
a t  1800°F, showing loca t ion  of experimental a l l o y s  
and ex ten t  of W s o l u b i l i t y  according t o  English(a0).  
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I 

Figure 5. Cold.workability of drop cast Cr-Re-Co alloys with 
compositions shown in atomic %. 
boundary at 1650'F. 

Tentative phase 
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25 Bo 

5 10 15 20 25 Rtl 
Cr 

Figure 6 .  Cold workability of drop cast  Cr-Ru-Co 
a l loys  with compositions shown i n  atomic 
%. Tentative phase boundary a t  1650'F. 
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A. Cr-14. %e-10 e 4Co 

Grain-boundary sigma 

M9871 2 50X 

B. Cr-11.ORe-17.2Co 

Approximately 50% sigma 

M7973 2 5QX 

C . Cr-11.ORe-23.1Co 

Approximately 80% sigma 

M7974 2 5QX 

Figure 7 .  Effect of 100-hour aging at 1650% on the structure of Cr-Re-Co 
alloys at indicated atomic concentrations. Etched lQ% oxalic 
acid. 
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165OoF, 180 hrs 
40 o Single Phase 

Cr 10 20 30 40 50 
A t o m i c  % R e  

Figure 8 .  Cr-rich corner of the Cr-Re-Co equilibrium diagram 
at  1650°F, showing extent of chromium s o l i d  
so lut ions .  
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6377 1 oox 

C r - 4 R e - . l Y ,  100 hours a t  2100'F A .  

6378 l O O X  

B. C r - a e - . l Y ,  24 hours a t  2400'F 

6379 lOOX 

Cr-&e-.5Y, 100 hours at 2100'F C. 

6380 lOOX 

D. Cr-&e-.5Y, 24 hours a t  2400*F 

Figure 9 .  A i r  oxidation effects on Cr-Re-Y a l loys  a t  
indicated atomic concentrations. Etched 
10% oxa l i c  acid.  
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6381 lOOX 6382 1 oox 

A. Cr-8Re-.5Y, 100 hours at 2100.F B, Cr-SRe-.fiY, 24 hours at 2400.F 

6383 1 oox 6384 1 oox 

C. Cr-Mu-.SY, 24 hours at 2400'F I). Cr-4Co-.5Y9 24 hours at 2400°F 

Figure l o .  Air oxidation of Cr-.5Y alloys with Re, Ru and Co 
additions ( a l l  atomic %), Etched 10% oxalic acid. 
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3871 1 ooox 
A.  Cr-lZr-.4C-.lY at  1500'F 

3698 1 ooox 
B. Cr-lZr- .LU=-. lY at 2100'F 

2546 1 ooox 
C. Cr-1Cbe4C-.1Y a t  1500'F 

3838 looox 

D. Cr-lCb-.4C-.lY a t  2100°F 

Figure 11, Dilute Cr-Y a l loys  containing ZrC and CbC dispersions 
af ter  100-hour air oxidation a t  indicated temperatures. 
Nominal compositions i n  atomic 7%. Etched i n  Kromic acid. 
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6366 1oox 6367 1 oox 

A. Cr-.QMo, 100 hours at 2100'F B. Cr-4M0, 24 hours at 2400°F 

6368 1 oox 63 69 lOOX 

C. Cr-4Mo-.lY, 100 hours at 2100'F D. Cr-4Mo-.lY, 24 hours at 2400*F 

Figure 13. Effects of 0.3. Y addition on the air oxidation 
of Cr-4Mo. Etched 10% oxalic acid. 
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6371 lOOX 

A .  Cr-4Mo-. 5Y 

6373 lOOX 

B .  Cr-4Mo- .  5La 

6375 

C Cr-4Mo-. 5Pr 

1 oox 6376 1 oox 

D .  Cr-4Mo- .  5 Mischmetal 

re 14. Cry4MO alloys with 0.5 atomic % additions of Y, 
La, Pr and Mischmetal after 24-hour air oxidation 
at 2400'F. Etched 10% oxalic acid. 
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6917 lOOX 6916 lOOX 

A. Cr-ZTC lOOHrs at 2100'F B. Cr-ZTC 24Hrs at 2400°F 

6919 lOOX 

C. Cr-0.2La-ZTC lOOHrs at 2100% 

7238 500X 

De Cr-0.2La-ZTC 24Hrs at 24OO0P 

Figure 15. Effects of 0.2 atomic percent La on the air oxidation of Cr-ZTC 
alloy. Etched 10% oxalic acid. 
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6921 lOOX 
A.  Cr-.aLa-TiC 24Hrs at 2400'F 

72 40 500X 

C. Cr-. SLa-CbC 24Hrs at 2400°F 

6924 1 oox 
B. Cr-.OPr-CbC 24Hrs at 2400'F 

6927 lOOX 

D. Cr-.5La-CbC lOOHrs at 2100'F 

Figure 16. Effects of La and Pr additions on the air oxidation of Cr-TiC 
and Cr-CbC alloys. Etched 10% oxalic acid. 
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A. 1 Hour at 2 1 0 0 * ~ ,  250% 
5 : l  Taper M5084 

5 

B. 1 Hour at 2100°F, lOOOX 
5 : l  Taper N991 

C. 100 Hours at  2100°F, 25QX 
5 : l  Taper 5081 

Figure 17. Taper sect ions through surface sca le s  formed on Cr-.2La 
a l loy  at  210OO.F i n  a i r .  Kromic etch.  
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L2955 2 50X L3781 lOOOX 

A .  Alloy CI-6 (.202% 0, , <.06% Y) B. Alloy CI-54 (.0522% % <.06% Y) 

E3784 looox E3780 1 ooox 

e. Alloy CI-.%a (.0029% 0 , ,  *lo% Y) De Alloy C1-5B (.0034% 0, , .19% Y) 

Figure 19. Cast structures of induction-melted Cr a l loys  at 
indicated oxygen and yttrium levels (weight %). 
Etched 10% oxalic acid. 
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400 

cv 360 
E 
E 

';2 280 

240 
U .- 
E 
z 200 
e 

z 160 
0 
E 
tu 
.I 

120 

80 

40 

- 

CI-4 

1200 1600 2 32 

Figure 22. Effect of annealing on the microhardness and 
recrystallization of representative chromium 
alloys. 
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E6028 looox E6029 1ooox 

A. As Swaged B. A + 2000°F, One Hour 

E6032 lOOOX F722 lOOOX 

C. A + 2200%, One Hour D. A i- 2400QF, One H o u r  

Figure 23. Effect of indicated annealing treatments on the distribution of 
carbides in alloy C 05y-HZC). Etched in 
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706E 5000X 

A .  CbC (CI-36) 

706E 5000X 

€5. CbC ((21-36) Banded 

706C 20,000x 706D 5000X 

D .  (Hf,Zr)C (CI-37) C .  TaC ((21-41) 
Y 

Figure 24. Electron micrographs of swaged Cr-4Mo-.05U a l loys  containing 
indicated carbides. 
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Figure 25. Tens i l e  s t r e n g t h s  of r ep resen ta t ive  a l l o y s  i n  t h e  stress- 
r e l i eved  condi t ion .  
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/ b 
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I I I 

P". 

-19) 

F i g u r e  26. T e n s i l e  s t r e n g t h s  of  r e p r e s e n t a t i v e  a l l o y s  a f t e r  one-hour  
a n n e a l i n g  a t  2000'F. 
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t 
F i g u r e  28. S t r e s s - r u p t u r e  p r o p e r t i e s  of c a r b i d e - s t r e n g t h e n e d  chromium 

a l l o y s .  T e s t e d  i n  h e l i u m  a t  2100° and 2400°F. 
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APPENDIX A 

TENSILE PROPERTIES OF WROUGHT CHROMIUM ALLOYS I N  

THE STRESS-RELIEVED CONDITIONa (6 = ,03  PER MINUTE) 

.2% 
Off set 

( k s i )  
__IC__ 

T e s t  
Nominal Composition Temp 

(OF) - A l l o y  (At. %) 
P 

. UTS 
( k s i )  __._ 

E long. 
(%I - 

R.A. 
% __._ 

C I - 1  .1Y 75 
12 5 
200 

1900 
2100 
2400 

38.8 
44.2 
45.4 
12.4 

9 . 1  
5.2 

38.0 
32.2 
28 .1  

8 .4  
6.0 
3 ,4  

1 . 5  
19.7 
59.2 
67.1 
60.8 
58.2 

1.5 
34.2 
78.3 
96.5 
94.3 
96.0 

42 .O 
29.9 
31.3 

5.8 
3.4 

0.4 
24.1 
58.7 
63.1 
69.4 

1 .? 
38.6 
76.8 
95.1 
95.6 

(21-2 .2Y 75 
125 
2 00 

1900 
2400 

42.9 
46.1 
42.3 

9 .3  
4.2 

CI-3 . l Y - .  05Hf -. 03Th 75 
125 
200 

1900 
2400 

43.9 
44.3 
39.0 
19.9 

5.5 

32.8 
36.2 
34.0 
19.4 
4 .1  

5.9 
38.8 
49.1 
22.3 
68.5 

6.4 
61.5 
70.5 
87.7 
78.2 

(21-4 4Mo-.lY 200 
300 
400 
600 

1900 
2100 
2100 
2300 
2400 

78.3 
91.0 
90.6 
88.5 
46.4 
30 .1  
32 .1  
20.3 
17.6 

73.3 
71.6 
69.4 
67.0 
37.2 
24.3 
26.9 
18.9 
16.5 

1.0 
6.1 

18.4 
26.7 
16.8 
32.2 
27.0 
36.4 
31.9 

1.7 
6.9 

29.9 
44.0 
48.2 
33.8 
68.8 
35.1 
32.8 

GI-5 6M0-.1Y 2400 24.0 22.8 14.2 15.4 
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APPENDIX A (CONT'D) 

* 2% 
O f f  set 
(ksi) 

T e s t  

(OF) (ksi) 
Nominal Composition Temp UTS 

__. . -  ( A t .  %) 
Elong. R.A. 
. (%I (46) 
-7 - 

CI-7 4W-.lY 400 
600 
600 
800 
1900 
2100 
2 400 

67.6 
90.3 
92.1 
92.0. 
63.6 
39.3 
24.3 

67.6 
75.4 
74.8 
71.7 
58.9 
32.8 
22.7 

0.2 0.8 
3.5 4.0 
7.2 7.1 
24.1 53.7 
20.7 74.3 
62.7 63.3 
19.5 24.5 

CI-8 6w-.1Y 1900 
2400 

81.0 
30.1 

73.2 
28.5 

19.3 71.5 
48.6 66.0 

CI-9 4Mo-2W-. 1Y 1900 
2 400 

54.5 
23.3 

40.5 
19.9 

8.7 8.7 
6.8 8.5 

28.1 30.5 CI-10 6M0-2W-. 1Y 

CI-14 1OV-4Mo-. 1Y 

2400 29.2 28.7 

400 
600 
1900 
2400 

90.4 
91.5 
68.9 
22.8 

74.9 
72.1 
59.7 
22.0 

5.3 5.0 
19.2 35.5 
22.0 75.1 
17.3 22.4 

CI-15 10V-4W-. 1Y 600 
800 
1900 
2 400 

97.3 
94.0 
67.2 
27.1 

81.8 
75.2 
63.5 
26.4 

6.4 6.2 
20.9 52.2 
20.4 72.1 
28.9 40.3 

CI-16 4Re-.lY 400 
500 
600 
1900 
2400 

74.2 
81.4 
78.7 
34.3 
12.4 

65.2 
61.0 
60.6 
33.1 
11.7 

3.8 3.7 
10.4 10.7 
26.2 38.1 
22.7 91.0 
42.3 87.2 

CI-17 4Co-. 1Y 

CI-19 .05Y-.4Zr-.2Ti-,4C 

200 
400 
1900 
2400 

67.9 
78.1 
21.7 
4.9 

>67.9 
>78.1 
20.5 
4.1 

0.1 0.0 
0.0 0.0 
75.7 81.5 
128.0 90.0 

- 50 
0 
75 
200 
400 
1900 
2100 
2300 
2400 

72.5 
63.8 
59.4 
64.1 
54.9 
21.7 
17.4 
11.3 
7.9 

X2.5 
50.2 
38.6 
34.6 
30.3 
19.2 
15.0 
9.2 
6.3 

0.0 0.0 
3.1 3.3 
8.0 8.2 
39.5 61.6 
43.5 7'3.0 
30.0 87.5 
28.1 89.7 
49.3 96.0 
55.8 95.5 126 



APPENDIX A (COW 'D) 

Nominal Composition 
(At. %I 

CI-20 . lY-.4Zr-.2Ti-.4C 

CI-21 .05Y-.3Hf-.3Zr-.4C 

C 1-22 .05Y - .4Zr- e 2Ti - .4B 

CI-23 .05Y-. 3Hf -. 3Zr-. 4B 

C 1-24 .05Y-. 4Ta-. 2Zr - .4B 

CI-26 4Mo-.lY-. 4Zr-.2Ti 

Test 
Temp 
( O F )  
v 

-50 
0 
75 

1900 
2 100 
2400 

- 50 
0 
75 
200 
400 
1900 
2 100 
2400 

0 
75 

1900 
2 100 
2400 

75 
12 5 
200 
1900 
2100 
2400 

75 
200 
300 
1900 
2100 
2400 

400 
600 
1900 
2100 
2400 

UTS 
(ksi) 

71.9 
61.7 
57.6 
15.1 
9.3 

. 5.9 

67.7 
65.0 
71.5 
63.5 
54.7 
36.5 
11.7 
5.9 

74.9 
82.9 
35.7 
22.5 
8.0 

67.0 
70.8 
72.7 
34.8 
27.6 
8.9 

60.0 
66.0 
78.6 
44.3 
36.5 
10.6 

36.9 
76.7 
54.9 
35.1 
20.1 

I__ 

.2% 
Offset 
(ksi) 

70.8 
50.3 
42.2 
8.7 
7.2 
4.5 

67.0 
49.8 
45.5 
34.4 
33.1 
35.0 
11.3 
5.0 

71.8 
56.9 
33.4 
20.1 
6.5 

63.5 
55.2 
54.6 
33.0 
23.6 
7.8 

58.7 
54.8 
56.0 
41.5 
36.1 
9.8 

>36.9 
49.3 
44.8 
28.8 
19.5 

Elong 
( %) 

0.5 
6.4 

22.7 
48.8 
54.6 
59.0 

0.8 
5.7 

21.3 
57.2 
60.8 
30.2 
45.9 
94.2 

2.0 
12.9 
17.3 
31.0 
91.5 

1.5 
8.4 
34.9 
16.7 
28.2 
82.0 

1.6 
3.5 
26.3 
12.8 
25.0 
73.9 

0.0 
6.8 
22.8 
48.0 
40.5 

R . A .  
( %) 
_s 

0.5 
6.3 

24.6 
72.7 
66.3 
63.2 

0.8 
5.8 

24.2 
64.8 
70.7 
86.5 
88.7 
91.5 

2.4 
12.9 
79.7 
83.2 
97.5 

1.8 
8.1 
51.7 
73.7 
78.2 
95.0 

1.5 
3.5 
47.0 
78.2 
82.7 
96.0 

0.0 
6.8 
61.9 
51.5 
43.1 
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* 2% 
Offset 
(ksi) 

Test 
Nominal Composition Temp 

(OF) - A l l o y  (At. %) 
__s 

UTS 
(ksi) ___. 

Elong. 
( %) 
P 

R.A.  
(%I - 

CI-27 4Mo-..lY-.3Hf-.3Zr 400 
500 
600 
1900 
2400 

69.2 
74.2 
77.1 
52.8 
18.3 

64.1 
52.2 
53.1 
49.5 
16.6 

1.7 
5.6 

20.7 
18.0 
50.6 

1.6 
5.4 

36.0 
64.2 
62.7 

CI -28 4Mo - .1Y - .05Hf - .03Th 400 
600 
1900 
2 400 

73.5 
82.8 
49.7 
18.1 

66.4 
64.1 
42.2 
17.4 

5.1 
28.0 
17.4 
21.2 

5.4 
49.3 
49.5 
24.8 

C 1-29 4Mo - .05Y-. 4Zr-. 2T i - .4C 400 
500 
600 
1900 
2 100 
2400 

77.7 
80.1 
87.2 
56.4 
39.9 
20.9 

70.0 
67.5 
68.1 
52.0 
34.1 
20.7 

1.0 
8.6 
11.4 
27.8 
24.6 
19.6 

0.7 
8.5 
11.7 
72.7 
58.2 
29.8 

CI-30 4Mo-.lY-.4Zr-.2Ti-.4C 400 
600 
600 
1900 
2100 
2300 
2 400 

68.6 
69.9 
84.7 
47.8 
35.4 
24.2 
18.8 

59.7 
59.6 
61.2 
41.3 
28.4 
20.5 
15.9 

1.6 
1.5 
6.9 
14.9 
22.1 
22.4 
23.9 

1.8 
1.5 
7.1 

29.8 
36.5 
25.4 
31.8 

CI -3 1 4Mo - .05Y - .5Zr - .2 5Ti - .4C >51.2 
53.8 
56.4 
32.8 
19.1 

400 
600 
600 
1900 
2 400 

51.2 
61.6 
69.8 
46.7 
19.8 

0.0 
1.6 
7.3 

23.9 
18.5 

0.0 
1.6 
7.2 
45.8 
23.4 

CI-32 4Mo-.05Y-.3Zr-.15Ti-.4C 400 
500 
600 
1900 
2400 

72.7 
78.8 
80.3 
56.6 
17.1 

70.6 
61.4 
63.7 
49.8 
14.9 

1.2 
5.4 
10.3 
25.8 
46,5 

1.2 
5.3 
10.6 
82,0 
90.5 

CI-33 4Mo-.05Y-. 6Ti-.4C 400 
600 
600 
1900 
2 100 
2400 

77.0 
73.9 
78.1 
59.0 
42.7 
22.8 

77.0 
68.3 
67.6 
54.5 
40.5 
22.7 

0.2 
1.4 
2.1 
27.4 
42.3 
43.8 

0.2 
1.6 
2.0 
76.2 
86.1 
79.7 
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Alloy 

(21-34 

P 

APPENDIX A 

Nominal Composition 
(At. %) 

4MO-. 05Y-. 6Zr-. 4C 

CI -3 5 ~ M o  - e 05Y-. 6Hf - .4C 

CI -36 4Mo- .05Y-. 6Cb-. 4C 

C I -37 4Mo - . 0 5Y - .3Hf - .3Zr - .4C 

CI-38 4Mo-.05Y-.6Zr-.3Ti-. 6C 

CI-39 4Mo-.05Y-.2Zr-. 1Ti-.2C 

(CONT 'D) 

Test 
Temp 
_I (OF) 

400 
400 
600 
1900 
2100 
2400 

400 
500 
600 
1900 
2100 
2 400 

300 
400 
600 
1900 
2100 
2400 

300 
400 
500 
600 
1900 
2 100 
2300 
2400 

400 
600 
800 
1900 
2 100 
2400 

400 
500 
600 
1900 
2 100 
2 400 

UTS 
(ksi) 

48.2 
72.2 
75.5 
45.5 
31.7 
J8.7 

90.5 
97.1 
99.5 
58.2 
40.0 
19.3 

102.7 
109.0 
111.0 
65.7 
49.6 
21.8 

93.3 
104 0 
109.4 
104.5 
61.0 
39.2 
23.5 
20.7 

72.1 
88.0 
81.2 
52.5 
36.1 
19.2 

72.5 
75.8 
78.2 
50.3 
38.4 
19.9 

__I_ 

.2% 
O f f  set 
(ksi) 

>48 a 2 
67.1 
63.2 
28.4 
26.1 
17.1 

74.4 
73.3 
71.2 
54.2 
33.9 
18.7 

91.6 
89.4 
79.3 
61.2 
46.3 
21.6 

89.0 
84.7 
81.6 
77.2 
57.2 
31.9 
21.0 
19.7 

70.4 
63.4 
60.1 
43.3 
29.2 
15.7 

67.0 
60.2 
58.9 
38.1 
32.9 
19.1 

Elong. 
( %) 

0.1 
1.6 
8.9 
32.9 
21.4 
24.5 

2.3 
5.8 

27.3 
19.6 
29.8 
37.9 

3.1 
6.0 
10.8 
30.0 
26.3 
68.0 

1.9 
4.1 
10.7 
28.2 
26.2 
41 -7 
56.4 
46.2 

0.7 
5.8 
18.6 
25.1 
22.6 
18.0 

1.5 
6.0 
20.8 
38,7 
30.6 
35.4 

P 

R . A .  
( %) 

0.4 
1.8 
9.0 
51.7 
39.8 
30.2 

3.2 
5.8 
53.5 
59.2 
74.2 
38.1 

3.3 
5.9 

13.1 
84.6 
91.1 
96.0 

2.0 
5.8 
12.1 
48.0 
71.7 
75.7 
56.7 
50.2 

0.7 
5.7 
34.4 
68.2 
40.7 
26.9 

1.4 
5.8 

49.3 
76.2 
79.1 
34.8 

v 
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APPENDIX A (CONT'D) 

.2% 
O f f  set 
(ksi) 

Test 
Nominal Composition Temp 

(At. %) _I (OF) 
Elong. R . A .  - -  (%I ( %) 

UTS 
(ksi) - 

54.8 
56.1 
42.0 
36,9 
20.4 

C I -40 4Mo-. 05Y - .4Ta- .2Zr-. 4C 600 
700 
1900 
2100 
2400 

69.2 
79.9 
49.0 
40.8 
20.5 

2.5 3.1 
12.2 21.7 
20.8 71.1 
24.1 50.3 
22.6 36.8 

CI-41 4Mo-.05Y-.6Ta-.4C 400 
500 
600 
1900 
2100 
2400 

98.1 
106.3 
102.2 
61.5 
41.8 
18.7 

89.2 
85.0 
74.1 
56.5 
38.2 
14.6 

3.1 3,0 
8.7 9.0 
9.3 10.7 

23.1 83.0 
Failed out of gage 
66.6 96.5 

C I -42 4Mo - .05Y - .4Cb-. 2Zr - .4C 300 
400 
500 

1900 
2400 

84.0 
92.1 
89.5 
59.4 
20.2 

83.1 
80.7 
71.1 
52.8 
19.0 

0.5 0.4 
5.1 5.0 
11.3 18.0 
25.4 68.9 
48.1 51.7 

CI -43 4Mo- .2La-. 4Cb-, 2Zr-. 4C 300 
400 
500 
1900 
2 100 
2400 

89.0 
89.2 
85.6 
58.8 
43.9 
21.0 

81.1 
75.3 
74.0 
54.2 
41.6 
19.9 

3.2 3.1 
8.2 8.4 
21.1 37.2 
22.1 76.2 
28.1 78.0 
53.8 94.5 

>90.1 
83.4 
80.2 
62.0 
26.9 

C 1-44 6Mo - .05Y- e 4Zr-. 2Ti -. 4C 600 
700 
800 
1900 
2400 

90.1 
120.1 
116.3 
64.8 
27.0 

0.0 0.0 
5.5 5.4 
10.8 16.3 
16.7 34.2 
20.6 23.6 

C1-45 4W-.15(La -b Y)-.3Ta-.3Hf-.4C 600 
700 
8 00 
1900 
2400 

96.1 
126.2 
120.4 
84.1 
30.6 

B96.1 
92.2 
89.4 
76.2 
26.0 

0.0 0.0 
6.0 5.8 
14.1 20.7 
18.4 32.7 
22.4 23.3 

(21-46 2W-2Mo-.15(La + Y)-.3Ta-.3Hf-.4C 600 
700 
800 
1900 
2400 

93.2 
109 4 
115.1 
70.9 
19.8 

92.0 
89.0 
87.5 
69.8 
19.2 

1.6 1.8 
7.1 7.4 

25.4 42.7 
16.1 55,4 
46.0 60,9 
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APPENDIX A (CONT'D) 

A l l o y  

CI-47 

C 1-48 

Test 

(OF) (ksi) 
Nominal Composition Temp UTS 

v -  
(At. %) 

2W-2Mo-.15(La + Y)-.6Ta-,4C 500 103.1 
600 122.0 
800 107.0 
1900 70.3 
2400 21.0 

4Re-.15(La + Y)-.3Ta-.3Hf -.4C 75 99.2 
200 98.0 
500 92.6 
600* 77.4 
1900 46.8 
2400 14.6 

CI-49 2W-2Mo-.15(La + Y)-.6Hf-.4C 

CI-50 .15(La + Y)-.6Hf-.4C 

C 1-51 .1Y- .03Th-. 6Hf - e 4C 

CI-52 20V-5W-.15(h + Y) 

CI -54 

400 98.3 
500 99.1 
1900 46.9 
2400 20.1 

0 78.7 
75 75.3 

1900 19.0 
2400 5.5 

-50 80.9 
0 83.2 
75 71.7 

1900 18.6 
2400 5.0 

400 114.0 
500 132.7 
600 141.5 
1900 73.4 
2100 52.1 
2400 31.0 

4Mo-.15(La + Y)-.6Ta-.4Hf-.$C 600 90.6 
700 95.3 
800 107.1 
1900 68.2 

.2% 
Off set 
(ksi) 

96.0 
96.3 
93.9 
66.4 
19.6 

80.7 
74.8 
70.1 
65.3 
44.9 
12.7 

74.8 
71.3 
42.7 
18.8 

78.2 
55.4 
18.1 
4.9 

79.8 
71.2 
45.3 
18.1 
3.5 

102.0 
110.6 
107.5 
68.7 
48.0 
26.5 

82.1 
77.4 
74.9 
61.1 

Elong. R . A .  
( %) (%I 

_I___. 

5.1 5.0 
13.6 12.4 
22.4 56.1 
22.0 69.9 
50.2 54.6 

5.2 6.5 
10.6 13.1 
14.5 24.7 
6.1 5.9 
20.8 54.0 
38.3 52.0 

4.7 5.2 
14.7 26.3 
13.4 35.8 
25.4 31.8 

0.8 0.8 
24.6 28.7 
19.7 81e1 
75.2 88.6 

1.1 1.1 
7.4 7.2 
48.4 57.0 
29.1 26.4 
66.4 86.1 

1.6 1.4 
3.7 3.7 
18.7 34.9 
28.1 44.3 

13.2 15.2 
20.-3 29.2 

1.7 1.6 
5.2 5.0 
26.9 49.3 
32.4 40.8 

2400 20.7 19.3 12.4 20.6 

* Defective specimen, failed outside gage. 
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APPENDIX A (CONCL'D) 

Test .2% 
Nominal Composition Temp UTS Offset Elong. R . A .  

Alloy ___s (At. %) (OF) (ksi) (ksi) (%) ( %) - -  - -  
CI-56 4MO-. 15(La + Y)-.3Ta-.3Hf-.2C-.2B 600 101.7 85.6 3.3 3.3 

700 110.5 80.1 15.2 28.8 
1900 71.0 65.1 23.7 72.1 
2400 22.3, 18.8 62.9 96.0 

CI-57 4Mo-.15(La + Y)-.8W-.2C-.2B-.2Si 1900 58.2 52.1 22.8 70.4 
2100 42.3 34.6 37.6 64.5 
2400 18.1 17.4 40.7 42.0 

CI-58 4M0-.15(La $. Y)-.Wb-.ZC-.2N 500 83.4 82.0 1.0 0.9 
600 99.6 79.9 7.3 7.8 
800 106.6 77.3 24.3 44.5 
1900 67.8 62.3 26.2 65.2 
2100 45.2 43.3 31.5 64.5 
2400 21.6 19.5 33.0 59.6 

CI-60 4Mo-.15(La + Y)-.3Ta-.3Ti-.4C 400 59.2 - 0.0 0.0 
600 81.4 63.9 3.0 3.4 
700 92.6 62.5 18.4 30.7 
19QO 45.2 29.8 33.9 66.0 
2100 34.7 27.2 36.8 58.0 
2400 19.9 19.3 32.2 51.0 

CI-61 4Mo-.15(La + Y)-.3Cb-.3Ti-.4C 400 75.8 59.3 3.3 4.1 
500 83.6 59.0 5.4 6.2 
600 81.0 57.3 6.5 9.4 
1900 42.6 29.0 36.7 67.7 
2400 18;6 18.3 49.4 63.7 

CA-1 Unalloyed Cr 

ca -2 3 5Re 

75 38.4 - 0 . 0  0 . 0  

35.2 b 
200 36.2 32.3b 54.7 81.8 

26. lb 
400 31.2 23.7b 71.1 88.8 

18.2b 
1900 7.0 3.1 92.5 96.5 
2100 4.3 2.4 84.4 97.1 
2400 2.5 1.0 76.0 99.0 

125 39.7 42.2b 4.5 4.3 

179 3 20.5 22.3 -200 199.7 
-100 188.3 154.8 44.5 49.6 

0 168.1 137.1 45.1 56.2 
75 154.5 125.2 4s. 7 62.1 

1900 69.7 63.2 16.0 28.8 
2100 39.2 35.3 27,3 32.1 
2400 22.3 17.0 39.1 45.8 

a Unalloyed Cr annealed 1600'F - 1 hour, all others 2000°F - 1 hour. 

Upper and lower yi,eld points. 
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APPENDIX B 

TENSILE PROPERTIES OF WROUGHT CHROMIUM ALLOYS IN 

THE RECRYSTALLIZED CONDITIOP ( k  = .03 PER MINUTE) 

Test 
Nominal Composition T y p  

( F) - Allox (At $1 

CI-1 .1Y 

CI-2 .2Y 

CI-3 .lY-.05Hf-.03Th 

CI-4 4Mo-.1Y 

CI-5 6M0-.1Y 

CI-7 4W-.1Y 

Clf-8 6W-.lY 

75 
12 5 
200 
1900 
2100 
2400 

0 
75 
200 
1900 
2400 

0 
75 

1900 
2400 

400 
500 
600 
1900 
2100 
2100 
2300 
2400 

1900 

700 
800 
1900 
2 100 
2400 

1900 

UTS 
(ksi) 

32.7 
40.6 
43.9 
11.5 
8.8 
5.1 

36.2 
49.3 
44.5 
9.6 
4.2 

43.7 
48.8 
13.2 
5.3 

72.5 
73.0 
75.2 
38.9 
29.8 
30.0 
21.2 
16.8 

48.5 

92.5 
76.3 
49.6 
39.6 
23.3 

60.2 

- 
.2% 

Off set 
(ksi) 

- 
22.4 
17.0 
8.2 
5.9 
3.7 

29.3 
28.0 
21.1 
4.6 
2.7 

42.5 
22.1 
8.9 
4.0 

55.0 
49.0 
43.4 
25.1 
23.5 
22.1 
18.0 
15.9 

32.2 

68.0 
52.4 
34.8 
29.4 
21.2 

45.1 

Elong. 
( %) 
P 

0.0 
6.7 
63.8 
64.2 
65.1 
63.4 

3.1 
13.3 
67.1 
58.6 
72.2 

1.2 
9.3 
46.3 
52.1 

3.2 
11.8 
23.2 
18.9 
30.0 
24.0 
27.1 
31.5 

16.5 

5.4 
28.4 
32.3 
28.8 
28.6 

24.6 

R.A. 
(%I 
v 

0.0 
6.4 
69.8 
97.5 
96.5 
98.0 

3.0 
17.8 
72.5 
94.5 
95.0 

0.8 
15.3 
86.0 
81.2 

3.4 
12.3 
53.5 
28.5 
33.0 
27.8 
34.3 
38.5 

21.7 

5.2 
49,7 
79.0 
73.3 
38.8 

52. '7 
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T e s t  .2% 
Nominal Composition Temp UTS Offset  

Alloy (At. %) (OF) ( k s i )  ( k s i )  
_I-  

R . A .  
(%) - 

E long. 
( %) 

CI-9 4Mo-2W-. 1Y 1900 45.0 33.9 18.1 24.6 

CI-10 ~ M o - ~ W - .  1Y 1900 57.3 41.2 23.0 22.6 

CI-14 10V-4Mo-. 1 Y  

CI-15 10V-4W-. IY 

CI-16 4Re-. 1 Y  

CI-17 4c0-.1Y 

600 
800 

1900 
2400 

80.1 
71.4 
45.5 
19.2 

60.3 
49.7 
31.6 
18.3 

5.1 
26.1 
26.7 
30.2 

5.7 
45.5 
43.9 
36.1 

2.0 
19.7 
50.2 
36.4 

400 
600 

1900 
2400 

83.2 
98.3 
51.7 
25.1 

73.5 
71.4 
37.0 
23.7 

2 . 1  
12.6 
25.3 
20.8 

400 
600 

1900 
2400 

61.6 
70.3 
29.2 
12.1 

52.1 
38.4 
23.1 
10 .1  

2.7 
19.4 
19.6 
34.3 

2.6 
48.3 
75.1 
40.7 

200 
400 
600 

1900 
2400 

101.5 
87.8 
77.2 
18.9 
4.4 

0.0 
0.2 
1.6 

66.4 
100 + 

0.0 
0 - 5  
1 .6  

91.0 

87.8 
74.3 
18.5 

3.2 

CI-19 .05Y-. 4Zr-. 2Ti-, 4C -50 
0 

75 
1900 
2100 
2400 

72.5 
60.7 
59.2 
22.7 
17.0 
7 .3  

0.0 
2 . 1  

10.0 
38.0 
58.9 
72.3 

0.0 
2 . 1  

11.7 
87.0 
91.3 
97.5 

- 
47.5 
31.2 
14.2 
11.1 
4.6 

CI-20 .1Y- .  4Zr-.2Ti-.4C -50 
0 

75 
1900 
2 400 

48.8 
47.2 
58.3 
14.3 

5.5 

42.6 
36.3 
23.8 

9.1 
4.0 

1.8 
5 .1  

16.4 
52.2 
77.8 

1 . 7  
5.0 

24.8 
78.0 
90.5 

C 1-2 1 .05Y-. 3Hf - .32r-. 4C 0 
75 

200 
1900 
2100 
2400 

52.8 
52.1 
50.7 
15.2 
10.0 

5.5 

33.7 
20,o 
15.6 
10.8 
9.0 
4.4 

2.7 
7.9 

37.1 
43.3 
61.4 
73.2 

2.5 
7.9 

45,O 
84,5 
84.6 
95*5 
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* 2% 
Off set 

( k s i )  

T e s t  
Nominal Composition Temp 

A l l o y  ( A t .  %) __1 (OF) 

UTS 
( k s i )  
_II 

Elong. 
( %) 

CI-22 .05Y-.4Zr-.2Ti-.4B 0 
75 

1900 
2100 
2400 

54.7 
64.0 
25.2 
19 .1  
8.2 

40.8 
25.8 
13.5 
12.2 
7.4 

3.7 
13.5 
29.0 
52.4 
80.8 

3.7 
15.3 
82 .2  
90.6 
97.0 

C 1-23 .05Y-. 3Hf - .3Zr -. 4B 0 
75 

12 5 
1900 
2 400 

54.1 
60.2 
64.3 
24.0 

8 .0  

0.0 
3.6 
8.4 

26.6 
81.5 

0.0 
3 . 4  
9.7 

79.6 
96.0 

- 
38.4 
32.1 
15.9 
7.4 

C I  -24 .05Y-. 3Ta-. 4Ta-. 2Zr-. 4B 0 
75 
75 

125 
1900 
2100 
2400 

64.2 
60.8 
59.6 
61.2 
28.3 
25.5 
10.2 

0.0 
7.2 
4.8 

12.9 
34.4 
43.8 
72.2 

0.0 
9 . 1  
4.8 

19 .3  
85.4 
82.6 
98.0 

- 
27.4 
33.2 
26.9 
19.6 
15.3 
9.0 

CI-26 4Mo-.lY-.4Zr-.2Ti 400 
600 
800 

1900 
21 00 
2400 

60.2 
56.4 
72.7 
47.7 
30.4 
18.1 

>60.2 
46.7 
41.8 
30.2 
26.3 
17 .5  

0.0 
1.8 

21.3 
35.3 
42.7 
52.4 

0.0 
2.3 

38.4 
58.7 
60.9 
56.5 

CI-27 4Mo-.lY-.3Hf - . 3 Z r  400 
500 
600 

1900 
2100 
2400 

62.9 
76.2 
73.4 
48.2 
29.6 
17 .5  

61.8 
51.4 
52.6 
35.7 
26.0 
16.9 

0.8 
4.7 
6.9 

33.2 
40.1 
50.9 

0 .8  
5 . 1  
6.9 

53.7 
63.8 
54.8 

C I - 2 8  ~ M o - .  1Y-. 05Hf -. 03Th 400 
500 
600 

1900 
2400 

64.9 
72.4 
69.2 
37.1 
16.2 

56.3 
50.3 
47.7 
27.0 
15.8 

1 .8  
5.6 

12.4 
20.3 
18 .4 ,  

1.8 
5 .4  

1 3 , l  
34.2 
23.8 
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2% 
O f f  set 
(ksi) 

Test 
Nominal Composition Temp 

(OF) - ( A t .  %) 
UTS 
(ksi) 
1_1_ 

R . A .  
(%) 

~ 

Elong. 
( %) 

CI-29 4Mo-.05Y-.4Zr-.2Ti-.4C 400 
500 
600 
1900 
2100 
2 400 

69.3 
73.1 
75.4 
45.7 
33.6 
19.0 

66.8 
57.1 
53.2 
36.1 
29.4 
18.4 

0.8 
3.8 
7.2 
24.0 
33.8 
40.1 

0.8 
3.5 
7.4 
68.1 
61.2 
52.7 

C1-30 4Mo-.lY-.4Zr-.2Ti-.4C 400 
500 
600 
1900 
2100 
2400 

70.2 
76.2 
73.5 
37.9 
32.1 
19.2 

48.0 
47.3 
46.2 
28.0 
26.0 
17.9 

3.9 
4.8 
5.7 

23.8 
23.1 
25.7 

3.9 
5.2 
6.8 

30.5 
36.7 
33.8 

CI-31 4Mo-.05Y-. 5Zr-.25Ti-.4C 400 
600 
700 
1900 
2400 

63.8 
74.1 
69.2 
45.3 
18.8 

59.7 
46.1 
44.3 
31.8 
17.7 

1.5 
5.5 
17.4 
21.6 
25.3 

1.4 
5.3 

28.9 
40.5 
33.8 

C 1-32 4Mo-. 0 5Y - .3Zr-. 15Ti - .4C 400 
500 
600 
1900 
2400 

68.3 
79.4 
75.1 
50.1 
16.7 

55.1 
51.3 
48.3 
37.2 
16.2 

2.4 
8.8 

23.8 
28.9 
32.4 

2.4 
8.5 
46.2 
50.3 
41.4 

C I -33 4Mo - e 0 5Y-, 6Ti - .4C 400 
600 
600 
700 
1900 
2100 
2400 

79.0 
66.0 
78.1 
70.9 
49.4 
37.0 
21.8 

3.2 
2.8 
7.1 
14.8 
40.6 
45.2 
58.0 

55.6 
54.3 
56.1 
52.6 
36.2 
33.1 
21.6 

3.8 
3.3 
8.0 

22.7 
83.6 
85.0 
88.5 

C%-34 4Mo-.05Y-.6Zr-. 4C 400 
600 
700 
1900 
2400 

61.9 
65.0 
63.7 
45.3 
22.2 

57.2 
46.8 
42.0 
27.5 
21.7 

1.7 
5.1 
10.9 
27.7 
36.1 

1.5 
4.6 
13.2 
49.3 
45.8 
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APPENDIX B ( C O m ' D )  

.2% 
O f f s e t  

( k s i )  

T e s t  
N o m i n a l  C o m p o s i t i o n  T e m p  

( A t .  %) - (OF) 
UTS 

( k s i )  
P 

R. .A 
( %) - 

E 1 ong. 
( W) 

CI-35 4M0-.05Y-. 6Hf-.4C 400 
400 
500 
600 
1900 
2100 
2400 

58.1 
77.8 
77.5 
79.1 
-45.8 
30.0 
17.5 

56.2 
50.8 
50.2 
43.3 
28.3 
26.1 
16.6 

0.4 
4.3 
4.8 
10.4 
34.8 
40.7 
50.3 

0.4 
4.0 
5.1 
9.3 
63.0 
58.2 
63.2 

CI-36 4M0-.05Y-. 6Cb-. 4C 300 
400 
500 
1900 
2100 
2400 

93.3 
97.2, 
92.1 
61.0 
46.2 
19.0 

88.2 
83.4 
78.0 
50.5 
43.1 
18.0 

2.0 
5.5 
10.6 
30.5 
39.8 
60.7 

2.5 
5.1 
16.4 
86.0 
90.7 
96.5 

CI-37 4Mo-.05Y-.3Hf-.3Zr-.4C 400 
500 
600 
600 
1900 
2 100 
2400 

77.4 
79.0 
73.0 
76.2 
50.3 
35.1 
19.4 

54.8 
51.3 
53.7 
49.9 
31.2 
29.0 
18.9 

4.1 
6.0 
5.5 
12.9 
36.4 
42.6 
60.0 

3.9 
5.5 
5.5 
19.4 
71.5 
65.2 
60.2 

500 
600 
a00 
1900 
2400 

69.2 
81.0 
75.1 
47.1 
20.4 

64.3 
57.3 
52.8 
34.7 
19.1 

1.2 
5.8 
10.7 
22*7 
19.2 

1.1 
5.4 
14.2 
24.9 
21.3 

CI-38 4Mo-.05Y-.6Zr-.2Ti-.W 

C 1-39 4Mo-. 05Y - .2Zr- a 1 T i  - .2C 400 
500 
600 
1900 
2400 

69.7 
73.3 
74.2 
4.9.4 
19.6 

62.7 
58.8 
52.6 
33.5 
19.4 

1.5 
6.4 
9.3 
37.0 
34.9 

1.4 
5.9 
13.7 
79.7 
55.5 

C I -40 4Mo- a 05Y - .4Ta-. 2Zr - .4C 300 
400 
600 
1900 
2400 

66.2 
80.7 
75.9 
46.2 
22.0 

>66.2 
64.7 
53.1 
32.2 
21.7 

0.1 
4.8 
13.6 
30.2 
19.4 

0.0 
5.0 
27.1 
65.5 
34.8 
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Test 
Temp 
(OF) - 

,274 
Offset 

96.4 
72.1 
69.0 
54.5 
44.8 
18.2 

UTS 
(ksi) - 

R.A.  
(%I 
Y 

Nominal Composition 
( A t .  %) 

E 1 ong. 
(74) 

4Mo- . 0 5Y - .6Ta-. 4C 400 
500 
600 
1900 
2100 
2400 

84.1 
89.8 
85.3 
61.9 
47.3 
20.4 

3.2 
8.2 
15.5 
22.4 
32.6 
53.1 

3.0 
9.0 
24.8 
81.2 
88.9 
96.5 

C 1-41 

2W-2Mo-. 15(La + Y)-.3Ta-.3Hf-.4C 

2W-2Mo-.15(La Y)-.6Ta-.4C 

4Re-.15(La + Y)-.3Ta-.3Hf-.4C 

2W-2Mo-.15(La + Y)-.6Hf-.4C 

.15(La + Y)-.6Hf-.4C 

.1Y-.03Th-.6Hf-.4C 

20V-5W-.15(La + Y) 

~ M O - .  15(La + Y)-.6Cb-.2C-.2N 

CI-46 

CI -47 

CI -48 

CI-49 

CI-50 

CI-51 

CI -52 

CI-58 

1900 
2400 

49.0 
21.3 

33.5 
19.9 

34.3 
21.1 

31.8 
26.9 

1900 
2400 

62.2 
23.4 

48.0 
21.7 

27.9 
45.7 

73.6 
72.6 

1900 
2400 

37.3 
15.1 

25.0 
14.2 

31.4 
41.8 

49.7 
57.7 

1900 
2400 

47.8 
19.1 

30.9 
18.3 

27.9 
30.2 

44.8 
36.8 

1900 
2400 

18.0 
5.5 

13.1 
4.5 

45.1 
73.7 

74.2 
91.6 

1900 
2400 

17.5 
5.0 

10.6 
3.8 

44.7 
86.3 

79.1 
89.4 

1900 
2400 

53.7 
27.7 

39.9 
26.4 

23.4 
13.3 

43.8 
17.9 

1900 
2100 
2400 

54.0 
38.2 
20.0 

36.9 
31.8 
19.6 

46.8 
51.8 
46.9 

69.8 
57.2 
47.3 

CI -60 4Mo-.15(La + Y)-.3Ta-.3Ti-.4C 400 
600 
1900 
2100 
2 400 

69.5 
72.0 
43.7 
36.5 
21.4 

44.0 
41 .O 
30.4 
26.1 
20.9 

3.2 
8.7 
36.0 
34.2 
32.2 

4.2 
8.5 
49.8 
42.7 
39.9 

4Mo - .15 (La + Y) - .3Cb - .3T i - .4C CI -61 400 
600 
1900 
2 400 

78.4 
69.0 
46.8 
20.2 

55.0 
43.3 
31.7 
19.6 

3.0 
5.7 
38.0 
36.7 

5.1 
5.9 
51.6 
42.1 
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APPENDIX B (CONCL'D) 

A l l o y  

CA-1 

T e s t  
Nominal Composition Temp 

L..-- (OF 1 

Unalloyed Cr 75 
200 
300 
400 

500 

1900 
2400 

-100 

0 

75 

1900 
2100 
2400 

CA-2 3 5 R e  

UTS 
P (ks i )  

42.7 
35.3 
29.2 
33.5 

28.1 

7.2 
2.7 

174.6 

157.0 

142.4 

53.6 
34.2 
21.8 

.2% 
Off set 

(ks i )  ___. 

- 
- 
- 

24. lb 
16. gb 
34.8b 
1 8 . G b  

3.2 
1.3 

148. Ob 
137. l b  
128.4b 
122.6b 

105.0b 
48.3 
30.6 
18.1 

112. i b  

E long. 
( 70) 

0.0 
0.0 
0.0 

12.3 

74.7 

93.6 
70.3 

21.6 

28.0 

30.4 

24.7 
34.4 
42.4 

R . A .  
( 96) 

0.0 
0.0 
0.0 

12.0 

94.2 

94.4 
98.5 

39.2 

50.1 

71.6 

33.6 
39.8 
50.3 

- 

a Unalloyed C r  annealed 2000'F - 1 hour, CI-36 a t  2500'F - 1 hour, 
a l l  o the r s  2400'F - 1 hour. 

Upper and lower y i e ld  poin ts ,  
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